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ABSTRACT 
The Grenville Orogen in western Labrador has been divided into three 
lithologically distinct terranes comprising, from the Grenville Front towards the 
southeast, the Gagnon, Molson Lake and Lac Joseph terranes. Of these terranes, only 
the Lac Joseph Terrane is devoid of lithologies that may be correlated with units to the 
north of the Grenville Front in the pre-Grenvillian, stable North American craton. 
In the Lac Joseph Terrane, high grade polydeformed migmatitic pelitic 
supracrustal rocks contain two distinct leucosomes which have been dated at 
1658+36/-8 Ma and 1639+ 12/-7 Ma by U/Pb geochronology; a third migmatitic 
sample which is retrogressed yielded an age of 1611 + 13/-6 Ma. These ages indicate 
that the gneisses in the Lac Joseph Terrane all formed during the Labradorian Orogeny, 
which must have been a protracted event. High grade metamorphism and migmati1.ation 
of the supracrustal rocks was synchronous with folding and the development of 
localized shear zones, one of which has yielded a U-Pb age of 1634+ 13/-4 Ma. 
Sillimanite and/or kyanite-bearing mineral assemblages in the restite of the pelitic 
migmatites occur throughout Lac Joseph Terrane, and also formed during the 
Labradorian Orogeny. They yield P-T estimates (garnet - biotite geothermometry and 
garnet - plagioclase - aluminosilicate - quartz geobarometry) between 575-800°C and 
3-8 kbar in the southern Lac Joseph Terrane to 700-850°C and 6-10 kbar in the 
nort.f,western part of the terrane. Granitoid rocks were emplaced into the Lac Joseph 
Terrane throughout the Labradorian Orogeny; a gabbroic pluton of the Ossokmanuan 
Intrusive Suite has yielded a U/Pb age of 1623±7 Ma. 
Synchronous with Labradmian metamorphism in tht: Lac Joseph Terrane, 
granitoid rocks were emplaced into the adjacent Molson Lake Terrane, one body of 
which yielded a U-Pb zircon age of 1648±7 Ma. No evidence exists to suggest that 
these granitoid rocks, which are interpreted to represent a southwestern extension of the 
Trans Labrador Batholith, were tectonized during the Labradorian Orogeny. The 
Shabogaw.o Intrusive Suite, the only other unit in the Molson Lake Terrane, intruded 
into the granitoid rocks at 1431 ± 7 Ma during a period of south-southeast -
north-northwest crustal extension; this unit is correlated, on the basis of geochemistry 
and age, with the Michael Gabbro of eastern Labrador. 
Retrogression of gra.'lulite facies basic gneisses in the Lac Joseph Terrane to 
amphibolite facies assemblages took place, at least locally, at about 1281 Ma, as 
recorded by U/Pb (titanite) and 40Ar/39Ar (hornblende) isotopic systematics. The 
tectonic significance of this event is not understood. 
iii 
The Molson Lake Terrane was extensively recrystallized and deformed during the 
Grenvillian Orogeny (1001 Ma- 990 Ma; U/Pb sphene and zircon data), locally under 
high P- moderate T conditions, between 8-12 kbar and 650-850°C (garnet-
clinopyroxene geothermometry and garnet- clinopyroxene- plagioclase- quartz 
geobarometry). The near coincidence of Grenvillian U-Pb and 40Ar/39Ar ages from ti1e 
Molson Lake Terrane suggests that this terrane w:as rapidly exhumed after peak 
metamorphism, probably along a crustal scale, frontal thrust zone. The Lac Joseph 
Terrane experienced only minor heating and non-penetrative deformation during the 
Grenvillian Orogeny; the preservation of a pre-Grenvillian 40Ar/l9Ar amphibole age in 
the Lac Joseph Terrane while Ar was reset in biotite and muscovite, indicates that 
temperatures during this event were between about 350°C and 530°C. The Lac Joseph 
Terrane is thought to have been emplaced as a pre-assembled, coherer.L package over 
the Molson Lake Terrane late in the Grenvillian Orogeny along a decollement at, oi 
near, the brittle-ductile transition. Rocks in the Lac Joseph Terrane preserving 
Labradorian, deeper level P-T conditions were thus emplaced over freshly exhumed 
rocks, recording Grenvillian P-T conditions, in the Molson Lake Terrane. 
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The Grenville Orogen, with its extensions in Mexico and Scandinavia. flanks the 
eastern edge of the North American (Laurentian) and Baltic Shields. Early theories 
concerning the development of the Grenville Orogen envisaged the majority of the 
orogen as juvenile crust accreted to a previously stabilized North American craton at 
about 1.0 Ga (see Wynne-Edwards (197:!) for review). Such theories were gradually 
abandoned as reworked extensions of older Precambrian orogenic belts were recognized 
within the orogen (Wynne-Edwards. 1971). The challenge to distinguish between 
Grenvillian and pre-Grenvillian rocks and thermotectonic events became and remains 
pivotal in determining the extent, intensity and style of the Grenvillian Orogeny. Such 
work must, therefore, precede the formulation of realistic models to describe the 
processes which occurrP.d during this major orogenic event. In many areas. the nature 
and magnitude of Grenvillian tectonism relative to pre-Grenvillian events still remains 
uncertain. 
In this study, three sub-disciplines of the earth sciences are integrated in an 
analysis of the tectonic history of pan of the Grenville Orogen in western Labrador. 
The initial phase of field mapping provided the framework within which the other 
aspects of the project were conceived, planned and executed. Results of the mapping 
helped to elucidate the lithological patterns, terranes, terrane boundaries and 
distribution of structural elements and metamorphic mineral assemblages in the map 
area. These data provided first order constraints on the style and relative ages of major 
thermotectonic events. Further constraints were subsequently furnished by an analysis 
of metamorphic mineral assemblages and by geothermobarometry, which permitted 
quantification of absolute differences in the P-T conditions within and between terranes. 
At this stage, having established a relative chronology, geochronological techniques 
were employed to constrain and/or determine the absolute timing of these events. 
Precise U-Pb geochronology was employed to determine the ages of intrusive rocks, 
migmatite generation and mineral recrystallization. 40Ar/l9Ar geochronology was 
. . . . . 
utilized to determine the ages of the last thermal events which affected the different 
parts of the study area. Since western Labrador is typical of much of the northeastern 
Grenville Orogen, insights gained in this work may be applicable to areas where 
detailed work is presently unavailable, and may be extrapolated to constrain tectonic 
models of the orogen as a whole. Furthermore. knowledge of the timing, mechanisms 
and consequences of tectonism in this relatively deep orogenic belt will complement 
information from the more numerous geological studies in younger orogenic belts and 
will, therefore, contrihute to a better understanding of orogenesis as a whole. 
1.2 Projeoct Logistics 
2 
The first field season (1986) of this project was executed while the author was in 
the employ of the Geological Survey Branch of lhe Newfoundland Department of Mines 
(NFDM) and responsible for 1:100,000 scale mapping of seven 1:50,000 map sheets in 
western Labrador (Fig. 1-1). This mapping was accomplished with a crew of five and 
full helicopter support. A second field season (1987), with a two person field party, 
was spent examining critical areas in more detail, with particular focus on terrane 
boundaries. Approximately 25 hours of NFDM supported helicopter time were 
dedicated to examining the relatively inaccessible northern region in the second field 
season. 
The topography in the area is varied; granulite facies migmatites and basic 
intrusive rocks tend to form prominent highlands with excellent exposure, whereas a 
significant part of the area is covered by extensive string-bog with only rare exposures. 
The area is traversed by two electric power lines which emanate from Churchill Falls, 
one to Wabush-Labrador City, the other to the Hydro Quebec electric grid to the south 
(Fig. 1-1). The Quebec North Shore and Labrador (Q.N.S. & L.) Railway traverses the 
western part of the map area and its services initially figured prominently in plans for 
logistical support. These plans were subsequently altered, however, with the realization 
that an organization which excels in delivering millions of tons of iron ore annually 
might not be too concerned about the fate of a few kilograms of groceries. 
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Figure 1-1: Location, physiography and access routes of western 
Labrador. Areas of study, with year of mapping, are outlined. 
3 
Electron microprobe analyses for geothermobarometry were perforf'led at 
Memorial University. U-Pb geochronology was carried out during four visits to the 
Royal Ontario Museum (R.O.M.) in Toronto. The final steps in mineral separation of 
samples for 40Ar/~9Ar analysis (initial steps performed at the R.O.M.) were performed 
by the author at Memorial University; analyses were conducted by Dr. J. Hanes at 
Queen's University at Kingston. 
1.3 Synopsis of Previous Work 
4 
Figure I .2 shows the locations of most recent previous mapping in western 
Labrador relevant to this project. The southeastern part of the area shown in Figure 1-2 
was mapped at 1:250,000 scale and described briefly by Stevenson ( 1968) as pan of the 
reconnaissance mappi:1g during the 1960's by the Geological Survey of Canada (not 
shown on Fig. 1-2)). The southwestern pan of the area was previously mapped by 
Jackson (1976) at I: I 00,000 scale, but no report was issued (not shown on Fig. l -2). 
The remaining areas, indicated in Figure 1.2, were mapped by personnel of the NFDM 
as part of their program to remap Labrador at I : 100,000 scale. Although most detailed 
reports have yet to be issued, preliminary or final maps as well as articles in Current 
Research of the NFDM are available for each map area. 
Preliminary tectonic models for the Grenville Orogen in Labrador were proposed 
in the early to mid 1980's, mainly by NFDM personnel , based on mapping projects in 
western and eastern Labrador. This project was conceived in 1986 as a continuation of 
the regional mapping in western Labrador and the thesis research was to include related 
detailed work in order to test and refine these developing tectonic models. 
1.4 TKtonic Framework of the Grt>nville Orogen 
The northwestern boundary of the Grenville Orogen, the Grenville Front, is 
defined as the northwestern limit of pr.netrative Grenvillian metamorphic and 
deformational effects, beyond which lies the tectonic foreland consisting of a variety of 
pre-Grenvillian orogens (Rivers et al .• 1989). In the Canadian Shield these compti~. 
from southwest to northeast, the Southern Province, Superior Province, Labrador 
ss·w 
I Geological Contact 
~ Thrust Fault 
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Trough or New Queb.x Orogen, Churchill Province and Mak.kovik Province (Hoffman, 
1989). The southeastern pan of the Grenville Orogen is covered by upper Proterozoic 
and Paleozoic rocks of the Appalachian Orogen. 
The exposed part of the Grenville Orogen has recently been subdivided into 
longitudinal, northeast-trending belts on the basis of tectonic history and relationship to 
the Nonh American foreland (Fig. 1-3) (Rivers et al., 1989; see also Rivers, 1983; 
Rivers and Nunn, 1985; Thomas et at. , 1985; Rivers and Chown, 1986; Wardle et al . , 
1986). These belts in tum are composed of terranes of distinct lithological and 
geophysical character. The Parautochthonous Belt adjacent the Grenville Front 
comprises terranes which exhibit links to the pre-Grenvillian foreland. The 
Allochthonous Monocyclic and Polycyclic Belts, situated within the interior of the 
orogen, contain terranes which lack demonstrable affinities with the foreland . The belts 
and terranes are characteristically bounded by ductile mylonite zones. 
1.4.1 Parautochthonous Terranes of Western Labrador 
The Parautochthonous Belt in southwestern Labrador is represented by three 
terranes known as the Gagnon, Molson Lake and Churchill Falls terranes (Fig. 1-3 and 
1-4) (Rivers et al., 1989; Connelly et al., 1989a) which are distinguished on the basis 
of contrasting lithologies and pre-Grenvillian thermotectonic histories. Prior to this 
study, the Gagnon Terrane was thought to be immediately adjacent to the Lac Joseph 
Terrane. However. more detailed mapping during the course of this project revealed 
the existence of another terrane, referred to as the Molson Lake Terrane (Connelly et 
al., 1989a), which is composed of a lithologically distinct suite of rocks. The Molson 
Lake Terrane is separated from the Lac Joseph and Gagnon terranes by ductile mylonite 
zones. 
The Gagnon Terrane predominantly comprises a continental margin sequence of 
metasedimentary rocks of the Knob Lake Group (part of the Kaniapiskau Supergroup i;, 
the New Quebec Orogen) which were largely undeformed in southwestern Labrador 
prior to the Grenvillian Orogeny (Rivers and Chown, 1986). These rocks were intruded 
by gabbros of the Middle Proterozoic Shabogamo Intrusive Suite and granitoid rocks ~f 
unknown age. The Molson Lake Terrane to the southeast, is characteristically devoid of 
supracrustal rocks. being composed principally of granitoid rocks and gabbro of the 
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Figure 1-3: Tectonic subdivisions of the eastern Canadian Shield. Subdivisions 














Molson Lake Terrane 
Figure 1-4: Simplified geology and major tectonic elements of western Labrador 
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Shabogamo Intrusive Suite. The Churchill Falls Terrane (Connelly and Nunn. 1988) 
lies to the east of the Molson Lake Terrane and consists of granite. granitic orthogneiss. 
gabbroic rocks and upper amphibolite-facies. sillimanite-IJ.::.tring paragneiss. Some rock 
types in each of the parautochthonous terranes can be traced across the Grenville Front 
establishing a pre-Grenvillian link with the North American foreland. 
1.4.2 The Allochthonous Terrane of Westf'rn Labrador 
The Lac Joseph Terrane is one of a number of allochthonous terranes to the 
southeast of the Parautochthonous Belt that are composed of pre-Grenvillian 
amphibolite- to granulite-facies migmatites and intrusive matic and felsic plutonic 
rocks. Nunn et al. (1985) reported that pre-Grenvillian metamorphism and deformation 
within the allochthonous terranes of Labrador occurred at about 1675 to 1600 Ma 
during an event they termed the Labradorian Orogeny. According to the tectonic 
models of Rivers et al. ( 1989) these allochthonous terranes were tectonically emplaced 
onto telescoping parautochthonous terranes during the Grenvillian Orogeny. The degree 
of thermal and structural reworking of the allochthonous terranes during this 
Grenvillian emplacement was uncertain prior to the present study. 
1.4.3 The Allochthon-Parautochthon Boundary 
The boundary between the allochthonous and parautochthonous terranes, referred 
to as the Allochthonous Boundary Front by Rivers et al. (1989), is marked by a zone of 
anastomosing shear zo,P.s in western Labrador which incorporate rock types of adjacent 
units (Connelly. 1988). However, in spite of well-developed ductile shear fabrics in 
these shear zones, kinematic indicators are relatively rare. Interpretation of sense of 
movement is further complicated by post-mylonite refolding. However, asymmetric 
fabrics and rotated inclusions in areas of minimal refolding around the Lac Joseph 
Terrane imply that it moved towards the northwest over the parautochthonous terranes 





In this project, mapping was concentrated in the Lac Joseph and Molson Lake 
terranes with only minor forays into the Gagnon and Churchill Falls terranes. 
Reflecting this data collection bias, this chapter presents detailed lithological 
descriptions of the units in the Lac Joseph and Molson Lake terranes based on the 
author's observations of samples in the field and laboratory. An overview of the 
lithologies within the Gagnon and Churchill Falls terranes is presented for the sake of 
understanding the former terranes in a regional context; these latter sections are based 
primarily on the work of others. Map unit numbers are assigned, in a chronological 
order, to units mapped by the author in the Molson Lake and Lac Joseph terranes and 
correspond to the legend of Figure 2-1; since the units are discussed in the text by 
terrane rather than in chronological order, these unit numbers are not always referred to 
in numerical sequence in the text. Map units outside the Molson Lake and Lac Joseph 
Terranes are shown on the map and legend of Figure 2-1, but have not been assigned 
numbers. Figure 2-1 incorporates recent mapping of James et al . (1991) and therefore 
differs slightly from the more generalized maps throughout this thesis which were 
produced prior to the availability of these revisions. To relate the mapping coverage 
and results and to provide the structural measurements in spatial context, 1: 100,000 
scale field maps of the areas examined by the author are included in the back pocket. 
The southern maps are to be released by the Newfoundland Department of Mines in 
conjunction with a white cover report. 
2.2 Lithologic Units in the Lac Joseph Terrane 
2.2.1 Supracrustal Lithologies: Unit 1 
Supracrustal rocks, which constitute a large part of the Lac Joseph Terrane, 
consist predominantly of metapelitic rocks with minor meta-semi-pelitic, metapsammitic 
and metabasic interlayers (Fig. 2-1) which are metamorphosed to upper amphibolite to 
granulite facies. Although the age of the sediments which constitute the supracrustal 
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rocks of the Lac Joseph Terrane was known to be older that a 16n Ma granite which 
intrudes the sediments (Krogh. 1983), no lower age limit has been established. The 
principal lithological varieties are discussed below. 
2.2.1.1 Aluminosilicate-bearing Migmatites: Subunit I a 
I l 
The supracrustal rocks of the Lac Joseph Terrane are dominated by pelitic 
metasedimentary rocks (fig. 2-1) which contain at least two generations of leucosomcs. 
resulting in well-developed, often chaotic, gneissic layering (Photo 2-1 ). Two 
generations of leucosomes are aistinct, and may be recognized in most outcrops. The 
early grey, medium-grained K-feldspar- plagioclase- quartz leucosomcs (termed N1 for 
tirst neosome) are cross-cut by, and sub-concordant with. a younger, coarser grained, 
pale pink leucosome phase (N2) (Photo 2-1 ). The N2 leucosomes do not appear to have 
been as intensely deformed as the N1 Jeucosomes. Both leucosomes are interbanded 
with restite layers which vary from about .2 to 2 em in width, are dark gray-blue in 
colour, and generally consist of sillimanite and/or kyanite, biotite, garnet and 
magnetite. Both leucosomes and the restite have experienced polyphase deformation. 
Minerals in the restite are typically aligned parallel to the folded gneissosity and define 
well-developed planar and linear mineral fabrics. The abundance of magnetite in the 
restite of this subunit results in a strong positive magnetic signature. 
2.2.1.2 Muscovite-bearing Migmatites: Subunit la-m 
Pelitic migmatites containing quartz - muscovite - biotite - garnet - hematite in the 
restite underlie two discrete areas of significant size in the southern Lac Joseph 
Terrane. As these rocks weather reces:;i .. ely, aeromagnetic maps (e.g. Geological 
Survey of Canada, 1977c) are locally the most useful method to differentiate the 
muscovite-bearing rocks (with a subdued magnetic expression) from the 
aluminosilicate-magnetite-bearing migmatites. 
In the southeastern part of the Lac Joseph Terrane, muscovite-bearing migmatite 
occurs in spatial association with granitic intrusions. Within this area, subunit 1 a-m 
comprises thin (.2 to 1 em) gray restite bands composed of muscovite - biotite- garnet-
hematite which are interlayered with white, medium-grained leucosome consisting of 
plagioclase -quartz - muscovite with minor amounts of K-feldspar (Photo 2-2). Subunit 
Photo 2-1: Two-leucosome pelitic migmatites in the Lac Joseph Terrane; 
the earlier leucosome (N 1) is represented by thin grey bands which 
are cross-cut by pink, coarser-grained late leucosomes (NJ. 
Photo 2-2: Muscovite-bearing pelitic migmatites of the Lac Joseph Terrane; 
the bleached weathered surface is typical in this subunit. 
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la-m is separated from the aluminosilicate-bearing migmatites to the northwest by a 
wide belt of pelitic migmatites which contain both sillimanite and muscovite. Musc.->vitc 
in this area does not exhibit a preferred orientation and cuts across earlier mineral 
fabrics defined by sillimanite- biotite - garnet - magnetite. 
Muscovite-bearing migmatites also occur along the southwestern margin of the 
Lac Joseph Terrane in a belt which is approximately parallel to the boundary between 
the Lac Joseph and Molson Lake terranes. The muscovite - biotite - garnet - hematite 
restite is interlayered with white leucosomes consisting of quartz - plagioclase -
muscovite similar to the southeastern muscovite-bearing migmatite described above 
except that muscovite exhibits a preferred orientation (Photo 2-3). 
For reasons outlined in subsequent chapters, the muscovite-bearing migmatites are 
thought to be retrogressed equivalents of the aluminosilicate-bearing migmatites. This 
interpretation is reflected by the common subunit number Ia, suffixed by m (for 
muscovite); la and la-m are consequently shown as a single unit in Figure 2-1. 
2.2.1.3 Semipelitic and Psammitic Migmatites: Subunits lb and lc 
The pelitic migmatites are locally interlayered with minor amounts of semipelitic 
(suiunit lb) and psammitic (subunit lc) migmatites. The semipelitic migmatites contain 
quanz - feldspar leucosomes which are interlayered with restite consisting principally of 
biotite- garnet- magnetite. 
The rocks of psammitic composition are characterized by poorly defined layering 
(perhaps an enhanced sedimentary layering) and a distinctive light-gray to white color. 
Layering is defined by quartz- plagioclase- K-feldspar rich leucosomes interlayered 
with more biotite rich bands. Subunits lb and lc are spatially extensive enough to be 
shown in Figure 2-1; they are included only to provide a complete description of the 
compositional range of the supracrustal rocks in the Lac Joseph Terrane. 
2.2.1.4 Mafic Gneiss: Subunit ld 
Mafic gneiss of subunit ld is locally interlayered with subunits Ia to lc on various 
scales ranging from metres to IOO's of metres. It varies considerably in appearance 
from a straight, banded gneiss (Photo 2-4) to an agmatitic rock (Photo 2-5) in which the 
mafic component ranges in width from 10 to 50 em. The scale of interlayering in the 
Photo 2-3: Polished slab showing elongate clots of aligned muscovite (dark 
brown) in the pelitic migmatites from the southwest margin of the Lac 
Joseph Terrane. 
Photo 2-4: Layered mafic gneiss from the Lac Joseph Terrane. 
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Photo 2-5: Agmatitic gneiss from the Lac Joseph Terrane. 
Photo 2-6: Orthopyroxene in rapakivi-textured granite from northeast of 






banded gneiss and the diverse nature of this lithology suggests that it is a supracrustal 
unit with the layering possibly representing relict primary layering, within the 
predominantly pelitic metasedimentary terrane. In several places it is difficult to 
distinguish between weakly banded or layered supracrustal mafic gneiss and 
metamorphosed basic intrusive rocks. Mafic rocks which exhibit any layering or partial 
melting have been included in subunit ld in tnis study, although it is acknowledged that 
some unlayered metabasic rocks (which have been mapped as metabasic intrusive 
rocks) may a('tually belong to subunit ld. 
Mineral assemblages in this unit indicate variations in local metamorphic 
conditions from amphibolite to granulite facies. Amphibolite facies assemblages 
predominantly underlie the lowland areas, in which paleosomes comprising hornblende 
- plagioclase - biotite - quartz - epidote - magnetite - titanite are interlayered with 
plagioclase- hornblende- biotite neosomes. Granulite facies assemblages dominate the 
upland terrain where paleosomes contain plagioclase - clinopyroxene - orthopyroxene -
biotite with minor magnetite, quartz and/or garnet and the neosomes contain plagioclase 
- orthopyroxene - biotite. 
2.2.2 Early Intrusive Rocks of the Lac Joseph Terrane 
The early intrusive rocks contain a post-intrusive mineral assemblage indicative of 
high temperatures, a significant fabric and/or exhibit margins which are transitional 
with the host migmatites and are therefore thought to have been emplaced prior to or 
during the main thermotectonic event in the Lac Joseph Terrane. These units are 
designated early intrusive rocks of the Lac Joseph Terrane and are described below. 
2.2.2.1 Equigranular Granite: Unit 2 
Equigranular granite of Unit 2 comprises small dispersed granitic to granodioritic 
bodies which commonly appear to have been highly recrystallized; they are not 
megacrystic. Accessory minerals include biotite, sillimanite and magnetite, similar to 
the restite phases within the sillimanite-bearing migmatites. The margins of these 
intrusive bodies may be abrupt intrusive contacts but are commonly transitional with the 
host migmatites of Unit 1 such that the accessory phases gradually increase towards the 
margin of the intrusion. 
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2.2.2.2 Orthopyroxene-bearing Granite and Diorite: Unit 3 
The meta-igneous rocks of Unit 3 (Fig. 2-1) are variably foliated granitoids 
characterized by the presence of metamorphic orthopyroxene and rapakivi-textured 
K-feldspar megacrysts (subunit 3a), which 1 oth intrude and are intruded by an 
equigranular granite phase (subunit 3b). This unit comprises plagioclase. K-feldspar. 
quanz and orthopyroxene with minor hornblende, biotite and magnetite. Orthopyroxene 
and hornblende exhibit a granular texture and are generally of smaller grain size than 
the phases that comprise the matrix to the megacrysts (Photo 2-6). Biotite is present in 
finer grained, partially aligned clusters interstitial to the matrix feldspar. A pluton of 
this unit on Ashuanipi Lake (Fig. 2-l) has yielded a U-Pb age of 1619±2 Ma (Brooks. 
1983) indicating a Labradorian emplacement age. This unit is typically massive to 
weakly foliated, but locally exhibits 1-2 centimetre wide shear zones containing 
pseudotachylyte. Locally this unit is fringed by an equigranular dioritic phase (subunit 
3c) which is moderately foliated and in places contains chlorite. 
2.2.2.3 Basic Intrusive Rocks in the Lac Joseph Terrane; Ossokmanuan 
Mountain Intrusive Suite: Unit 4 
The basic rocks intruding the migmatites of the Lac Joseph Terrane are quite 
diverse in composition, texture and degree of post-intrusive recrystallization. A large 
basic intrusive complex which dominates the northern and northwestern part of the Lac 
Joseph Terrane, is referred to as the Ossokmanuan Mountain Intrusive Suite (James, 
1991), whereas the southern part of the Lac Joseph Terrane typically contains only 
small intrusions (Fig. 2-1 ). In both areas, textural and compositional variations occur 
over very short distances. 
The compositional variation of Unit 4 includes metamorphosed norite (subunit 
4a), gabbronorite (subunit 4b), gabbro (subunit 4c), olivine gabbronorite (subunit 4d) 
and websterite (subunit 4e). The variable degree of recrystallization in these rocks has 
resulted in a range of textures being preserved, from primary igneous textures 
(including cumulate and ophitic textures) to granoblastic. Local variations in the degree 
of recrystallization precludes use of these criteria to establish a relative chronology. 
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The most pristine basic rocks are medium to coarse grained, contain primary 
mineralogy, except in narrow coronas, and do not exhibit penetrative fabrics although 
they are locally fractured. Three different corona textures are locally developed: (1) 
olivine rimmed by a narrow band of fibrous orthopyroxene; (2) olivine surrounded by a 
symplectic intergrowth of spinel and clinopyroxene; and (3) clinopyroxene rimmed by a 
pleochroic brown amphibole. Based on samples from the northwestern part of the Lac 
Joseph Terrane, Rivers and Mengel ( 1989) suggested that the development of coronas 
was a post-intrusive, subsolidus, cooling phenomenon. 
At least one basic intrusive complex is cross-cut by a medium-grained, 
equigranular, massive to weakly foliated tonalitic phase (Subunit 4f). This subunit 
contains magnetite, hornblende and clinopyroxene as accessory minerals and is massive 
to weakly foliated. The spatial association of tonalite with the basic intrusive suite, and 
the presence of hornblende and clinopyroxene in the tonalite, may suggest that the 
tonalite represents a late differentiate of the gabbronorite suite. 
At the other end of the textural spectrum, the most recrystallized mafic intrusive 
rocks in the Lac Joseph Terrane are characterized by a fine-grained granoblastic texture 
with all phases except plagioclase having been completely recrystallized. Samples from 
in this unit typically contain two metamorphic pyroxenes, plagioclase and biotite 
implying that recrystallization occurred under granulite facies conditions. 
2.2.3 Late Equigranular Granitoid Rocks in the Lac Joseph Terrane 
Intrusive granitoid rocks, which are interpreted to have been emplaced after the 
main thermotectonic event in the Lac Joseph Terrane, are categorized as late granitoid 
rocks. Evidence of their post-metamorphic nature includes overprinting metamorphic 
aureoles, lack of deformation, and cross-cutting relationships with deformed rocks. In 
addition, their mineralogy contrasts with granitoids in Unit 3, in that they are 
peraluminous, contain 2 micas and are orthopyroxene-free. 
2.2.3.1 Fleur-de-Mai Granite: Unit 7 
The Fleur-de-Mai granite (Unit 7) occurs along the southeastern boundary of the 
Lac Joseph Terrane and is marginal to the Atikonak Anorthosite Massif. The granite 
ranges from medium grained. equigranular to K-feldspar megacrystic and locally 
exhibits a rapakivi texture (Nunn et at., 1986); it is typically xenolith free and contains 
muscovite, biotite, titanite and. locally, hornblende as accessory minerals. This unit 
exhibits abrupt cross-cutting contacts with the country rocks. Recrystallization in this 
body appears to be restricted to the margins where a weakly developed planar fabric is 
locally observed. Nunn et al. (1986) reponed that this unit is transitional into the 
pyroxene-bearing monzonitic rim around the Atikonak Massif. Emslie and Hunt (1990) 
reponed a U-Pb zircon age of 1133+ 10/-5 Ma for Unit 7 which is taken to represent 
the emplacement age of the massif. 
2.2.3.2 Late Foliated Granitoid Rocks: Unit 8 
Unit 8 is a two-mica granitoid rock which is massive to foliated, medium-grained 
and locally contains inclusions of mafic gneiss. The rna . occurrence of this unit lies to 
the northwest of the Atikonak Anorthosite Massif and its associated granitoid suite (Fig. 
2.1). The composition typically ranges from granite to granodiorite and in places it 
becomes tonalitic. Unit 8 is not dated directly; the age of this unit is only constrained 
by the observation that the metamorphic aureole around the pluton overprints the 
sillimanite-bearing assemblage in the pelitic migmatites of Unit 1. 
2.2.3.3 Granitoid Pegmatites in the Lac Joseph Terrant>: Unit 9 
Medium to coarse grained pegmatite dykes are found throughout the Lac Joseph 
Terrane in the map area. Since this unit does not appear in Figure 2-1, due to the 
inappropriate scale for showing such detail, it is not represented in the figure's legend. 
The pegmatites cross-cut all tectonic fabrics in the host rock, but may themselves be 
weakly foliated. In addition to K-feldspar, plagioclase and quartz, these pegmatites 
contain muscovite, biotite, monazite and apatite. The host rocks typically show signs of 
having been affected by the pegmatites i~. tl,e vicinity of the intrusions; for mstance, 
muscovite commonly overprints silliman1 e t!~' to a metre away from the pegmatite 
margin in the migmatites of Unit 1, suggesti~g that the pegmatites contributed water to 
the host to promote retrogression. 
2.2.4 Post-tectonic Diabase Dykes in the Lac Joseph Terrane: Unit 10 
Diabase dykes cross-cut all tectonic fabrics in both migmatites and intrusive rocks; 
as with Unit 9, diabase dykes do not appear on Figure 2-1. Diabase dykes contain 
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unrecrystallized plagioclase and clinopyroxene; no fabric was observed in this unit. 
Chilled margins along the contacts of many of these dykes, pristine textures and lack of 
a fabric all attest to the pmt tectonic nature of this unit. They are therefore assumed to 
be post-Grenvillian in age. 
2.3 Lithologies of the Molson Lake Terrane 
The Molson Lake Terrane, consisting exclusively of granitic and gabbroic rocks, 
are distinguished lithologically from the Lac Joseph Terrane by its lack of supracrustal 
rocks. 
2.3.1 Granitoid Rocks - Unit 5 
The granitoid rocks in the Molson Lake Terrane are medium-grained, equigranular 
rocks of granitic to tonalitic composition, with muscovite, biotite, chlorite, calcic 
amphibole, epidote, titanite, clinopyroxene and/or garnet as accessory minerals, the 
assemblage apparently depending on local metamorphic conditions. These rocks are 
characteristically partially recrystallized and possess well-developed metamorphic 
mineral fabrics defined by biotite, chlorite, muscovite and calcic amphibole. There is 
no evidence to suggest that they have been partially melted. 
2.3.2 Shabogamo Intrusive Suite- Unit 6 
The basic intrusive rocks in the Molson Lake Terrane are correlated, on the basis 
of texture, mineralogy and tectonometamorphic history, with the Shabogamo Intrusive 
Suite. This unit was formalized by Rivers (1980) and has been dated at 1375±60 Ma 
(Rb-Sr and Sm-Nd whole rock and minerals; Brooks et al ., 1981; Zindler et al., 1981) 
and 1353± 17 Ma (40Ar/39Ar on biotite, Dallmeyer, 1982). A U/Pb age from this study 
indicate that this unit crystallized at 1431 ± 7 Ma (see Section 6.4.2). 
The composition of this variably metamorphosed unit is restricted to gabbro 
(subunit 7a) and gabbronorite (subunit 7b). Olivine has been observed only locally in 
the map area. Igneous pyroxene and plagioclase are medium-grained and contrast with 
the finer grained, locally symplectic secondary minerals. Sub-solidus reactions have 
resulted in the widespread development of corona textures between igneous olivine or 
pyroxene and plagiocla~c Corona mineralogy includes combinations of amphibole 
and/or garnet between the olivine or pyroxene core and plagioclase matrix. Detailed 
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petrographic work allows subdivision into three groups on the basis of corona textures 
and mineral relationships: (I) gabbro-gabbronorite with non-coronitic clinopyroxene -
amphibole; (2) gabbro-gabbronorite with clinopyroxene -amphibole- garnet coronas 
and (3) gabbro-gabbronorite with clinopyroxene -garnet coronas. The '''rc·na 
relationships are discussed in more detail in Section 4.5. 
2.4 Lithologies of the Western Churchill Falls Terrane 
The Churchill Falls Terrane has not been extensively examined in this study. thus 
descriptions which follows are based largely on the work of Wardle, ( 1979), Wardle 
and Britton (1981), Wardle (1982), Nunn and Christopher (1983) and Nunn et al. 
(1984). The Churchill Falls Terrane contains rock types comparable to both the Molson 
Lake and Lac Joseph terranes. 
2.4.1 Supracrustal Rocks of the Churchill Falls Terrane 
Nunn and Christopher (1983) reponed that the southwestern pan of the Churchill 
Falls Terrane is dominated by pelitic migmatites with several generations of granitic 
leucosomes interlayered with aluminous restite. They described early pink to brown 
weathered leucosomes cross-cut by a pink, medium-grained late melt phase. Although 
sillimanite is the dominant aluminous phase in the restite, Wardle ( 1982) reponed 
kyanite in the northern occurrences of this unit. These migmatites are thus identical to 
the pelitic migmatites in the Lac Joseph Terrane. Metabasic rocks are present as 
discontinuous layers, enclaves and trains of boudins similar to these in the Lac Joseph 
Terrane. 
2.4.2 Granitoid Rocks of the Churchill Falls Terrane 
A diverse suite of granitoid rocks intrudes the supracrustal rocks of the Churchill 
Falls Terrane. Compositions vary from diorite to granite with textures ranging from 
weakly foliated to gneissic (Nunn and Christopher, 1983 and Nunn et al., 1984). The 
orthogneisses in this unit are fine- to medium-grained rocks derived from 
hornblende-biotite granodiorite and tonalite; they exhibit a single melt phase, in contrast 
to the supracrustal rocks. Titanite analyses from granitoid rocks of this terrane plot on a 
line which defines upper and lower intercept U-Pb ages of 1654 Ma and 993 Ma 
rcspecti vely (Krogh, 1983). 
2.4.3 Basic Intrusive Rocks of the Churchill Falls Terrane 
The basic intrusive rocks of this terrane primarily comprise subophitic, layered 
and equigranular gabbro to leucogabbro which exhibits corona textures (Nunn and 
Christopher, 1983). On the basis of texture and composition, this unit has been 
correlated with the Shabogamo Intrusive Suite (Nunn and Christopher, i983). 
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2.4.4 The Problematic Boundary Between the Molson Lake and Churchill Falls 
Terranes 
The Churchill Falls and Molson Lake terranes were erected on the basis of 
perceived differences in lithologies, metamorphism and structural styles. However, the 
boundary zone between these two terranes, which is thought to be situated immediately 
south of Gabbro Lake (see Fig. 1-1), is not exposed. In the absence ot a documented 
boundary fault between these two terranes, it is possible that they are in fact a single 
terrane with spatially distinct lithologies and contrasting thermotectonic histories. This 
would imply a lithological linkage between the Lac Joseph and Molson Lake terr...nes, 
the implications of which are discussed later. 
2.5 Lithologies of the Gagnon Terrane 
The Gagnon Terrane is distinguished from other terranes in the Parautochthonous 
&It of western Labrr.dor by the presence of metasedimentary rocks of the Kaniapiskau 
Supergroup, which extend across the Grenville Front from the New Quebec Orogen 
(Labrador Trough). These are intruded by granitoid and basic rocks. 
2.5.1 Mt>tasediments of the Kaniapiskau Supergroup of the Gagnon Terrane. 
The metasedimentary rocks of the Knob Lake Group, the lower sequence of the 
Kaniapiskau Supergroup, in the Gagnon Terrane comprise, stratigraphically upwards, 
the Attikamagen, Denault, McKay River, Wishart, Nimish, Sokoman, Mehihek and 
Tamarack formations (Wardle and Bailey, 1981; Rivers, 1983). This continental margin 
sequence rests unconformably on the Superior Province margin and comprises 
metapelitic to semipelitic schist, marble, metavolcanic rocks, quartzite and iron 
formation. Lower stratigraphic levels are exposed in the southern pan of the Gagnon 
Terrane whereas the northern regions are dominated by formations higher in the 
succession. 
2.5.2 Intrusive Rocks of the Gagnon Terrane 
The Knob Lake Group in the Gagnon Terrane has been intruded by granitoid and 
gabbroic rocks. The granitoid rocks are present as relatively small, variably deformed 
bodies ranging in composition from granite to tonalite. Gabbro of the Shabogamo 
Intrusive Suite commonly exhibits relict igneous textures with coronitic textures 
(Rivers, 1980). Many of the gabbroic intrusions are sill-like stn·::tures concordant with 
the regional deformation trends. The areal exposure of Shabogamo Intrusive Suite is 





In this study, structural measurements were principally made in the Lac Joseph 
and Molson Lake terranes and along the western margin of the Churchill Falls Terrane 
adjacent to the Lac Joseph Terrane. This chapter reflects this data collection bias by 
focussing on the Lac Joseph and Molson Lake terranes. 
The fabrics in the Lac Joseph and Molson Lake terranes typically differ in 
definition, intensity, and in the southern part of the area, orientation, giving rise to 
contrasting structural styles in the two terranes. These contrasting structural styles may 
be attributable to differences in rock types, peak metamorphic conditions and/or 
tectonic histories. The structural observations from the two terranes will be presented 
separately. To facilitate the presentation of structural data, the Lac Joseph Terrane has 
been subdivided into several structural domains (Fig. 3.1). 
3.2 Structural Ge-ology of the Lac Jostph Terrane 
3.2.1 Supracrustal Rocks 
The supracrustal rocks of the Lac Joseph Terrane are polydeformed and 
metamorphosed resulting in a diversity of structural fabric types and orientations. The 
fabric notation employed here is designed to indicate the relative timing of fabric 
development where overprinting relationships permit distinction. Planar and linear 
fabrics, denoted by "S" and "L" respectively, are subscripted with a number which 
refers to the relative sequence of fabric development and the letter "J" to denote the Lac 
Joseph Terrane (eg. S11 signifies the first planar fabric in the Lac Joseph Terrane). 
Mineral fabrics in the Lac Joseph Terrane are assigned a position in the progressive 
sequence of early flattening, subsequent mylonitization and, finally, folding fabrics. It 
is acknowledged that the mineral fabrics quite probably developed over a period of time 
which overlapped, in whole or in part, with the formation of flattening fabrics in the 
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3.2.1.1 Early Planar Fabrics in the Lac Joseph Terrane: Su 
The earliest planar fabric recognized m the Lac Joseph Terrane is a penetrative 
gneissic fabric in the migmatites which is attributed to a deformation episode herein 
termed Du; no primary sedimentary layering was observed although the preservation of 
distinct supracrustal subunits presumably indicate its existence. Within the pelitic to 
psammitic migmatite (Subunits la-c) the gneissosity is defined by layering of the 
earliest leucosome (N1) and thin restite seams (Photo 2-1). As previously mentioned, 
this N1 leucosome is both cross-cut by, and is sub-parallel to, a coarser grained N2 
leucosome phase (Photo 2-1). Both N1 and N2 leucosomes contain a flattening fabric 
defined by quartz and feldspar which is parallel to the gneissic layering. This fabric is 
variably oriented throughout the lac Joseph Terrane. Early fabrics in the southern Lac 
Joseph Terrane area exhibit a wide range of orientations with an overall nonheast trend 
(Fig. 3-2a), whereas sparse data from the nonhero domains show variable orientations 
(Fig 3.3a). 
Planar mineral fabrics in the restite are defined by biotite and matted sillimanite 
(Photo 3-1). These fabrics are parallel to the flattening fabric in N1 and N2 leucosomes 
suggesting that they developed approximately coevally. 
The localized cross-cutting nature of the N2 leucosome with respect to the earlier 
N 1 leucosomes suggests that the planar gneissic fabric began to form prior to N2 
crystallization. However, the general concordancy of the foliated N2 and N1 leucosomes 
suggests that flattening during Du continued throughout the crystallization of N2• The 
common occurrence of flattening fabrics in the N2 (Photo 3.2) suggests that 0 11 affected 
most of the N2 leucosomes and therefore probably out-lasted migmatization of the 
pelitic supracrustal rocks (Unit 1). Since mineral fabrics are parallel to the flattening 
fabric in the N2 leucosomes, it is likely that they formed during the latter stages of Du. 
The gneissosity defined by N1, N2 and the restite layering, together with the flattening 
fabrics in the leucosome and the planar mineral fabrics in the restite are therefore 
collectively referred to as Sll' U-Pb ages indicate that both leucosome phases and the 
mineral fabric formed during the Labradorian Orogeny (see Sections 3.2.1.3 and 6.5). 
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N = 155 
L 1 J LINEATIONS 
MINERAL I STRETCH LINEATIONS 
Figure 3-2: Orientations of S1J Planar and L 1J linear fabrics in the 
pelitic migmatites of the southern Lac Joseph Terrane. 
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Figure 3-3: Orientations of S1J planar fabrics in pelitic migmatites 
in domains indicated in the Lac Joseph Terrane. 
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Photo 3-1: Sillimanite and biotite define Sv in the restite of the pelitic mig-
matites in the Lac Joseph Terrane; sillimanite is preferentially aligned 
to defme L11 lineation. Plane polarized light. 
Photo 3-2: N2 leucosome exhibiting a penetrative flattening fabric which is 






The gneissic layering in the mafic gneiss (Subunit ld) is defined by interlayering 
of a single leucosorr1~ rnase with the paleosome. Amphibole and/or clinopyroxene 
locally define a pla~ar mineral fabric which is parallel to the gneissosity. The intensity 
of the planar fabric in the mafic gneiss is more variable than that in the pelitic 
migmatites. However, fabrics are compatible in orientation with the early gneissic 
layering in surrounding pelitic migmatites and are therefore similarly labelled as Su-
3.2.1.2 Early Linear Fabrics: Lu 
Lineations in the pelitic migmatites are defined by stretched quartz and plagioclase 
grains in the leucosomes and by the preferred orientation of sillimanite in the restite, all 
of which are aligned parallel to S11; lineations in both leucosome and restite are colinear 
suggesting that they formed approximately coevally and are therefore collectively 
referred to as Lw These stretching and mineral lineations generally plunge towards the 
nonheast and southwest in the southern part of the Lac Joseph Terrane (Fig. 3-2b). 
Although fabric data are less abundant in the nonhem domains, the majority of data 
plunge towards the south and southwest in the nonh and south Ossokmanuan and Lac 
Joseph domains (Fig. 3-4). These linear fabric~ are interpreted to be coeval with the S 11 
planar fabrics and are therefore thought to have formed during the Labradorian 
Orogeny. In the muscovite-bearing migmatite, the lack of sillimanite results in a weaker 
expression of the lineation. 
3.2.1.3 Shear Zones in the Lac Joseph Terrane 
Although discontinuous bands with mylonitic fabrics were observed at several 
individual outcrops in the migmatites of the Lac Joseph Terrane, only one continuous 
mappable zone, located in the southern Lac Joseph Terrane, could be distinguished. 
The mylonitic fabric in this shear zone is defined by ribbon quartz, extensive sub-grain 
development in both quartz and feldspar, asymmetric planar fabrics, rotated inclusions 
and strong planar and linear fabrics. Sillimanite and biotite define the mineral fabrics in 
the restite layers of the mylonitic rocks, as in their unmylonitized equivalents, and 
appear to represent a synkinematic, stable mineral assemblage. U-Pb geochronology 
from one of these shear zones has established that mylonitization occurred during the 
Labradorian Orogeny (Section 6.5) thus implying that the stable synkir.ematic 
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Figure 3-4: Orientations of L 1 J linear fabrics in the pelitic migmatites 
in domains indicated in the Lac Joseph Terrane. 
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aluminosilicate assemblage must also be Labradorian in age. Assuming that the 
aluminosilicate assemblages both in and away from the mylonitic zones formed during 
the same event, this indirectly establishes that the restite assemblage throughout the Lac 
Joseph Terrane is also Labradorian in age. 
Sparse kinematic indicators in the southern mylonite zone (CIS fabrics, rotated 
feldspar inclusions) suggest that the northwest side moved up relative to the southeast 
side along this rone, which is presently steeply dipping towards the northwest. Since 
this shear zone formed early, the orientation and inferred direction of relative 
movement may not be directly meaningful for tectonic reconstructions if the shear rone 
was reoriented during subsequent deformation events. 
3.2.1.4 F u Folding 
The Su planar fabrics in the pelitic supracrustal rocks were reoriented and 
refolded during Du into tight to isoclinal fu folds (Photo 3-3) such that the early planar 
fabrics are subparallel to the Fu axial planes. Mineral fabrics parallel to the fu axial 
planes are generally absent except where locally defined by biotite (Photo 3-4). The fu 
axial surfaces are oriented northeast-southwest in the southern part of the Lac Joseph 
Terrane (Fig. 3-5a) and are generally parallel to the S11 planar fabrics (as expected since 
f 21 folds are isoclinal). The patterns of the Fu folds in the northern domains are highly 
variable with a slight maximum in a north-northwest trending orientation (Fig. 3-6). 
The variable orientations of F:J axial planes suggest that the area was affected by an F 31 
deformation event (discussed below) which resulted in complex, large-scale folds. 
Observations in many outcrops throughout the Lac Joseph Terrane indicate that 
the Fu fold axes are subparallel to the L11 mineral lineations (Photo 3-5). F21 axes in the 
southern p?~ of the area exhibit a very weak northeast-southwest preferred orientation 
(fig. 3-5b). fu fold axes in the northern domains exhibit varied orientations (Fig. 3-7). 
Since the fu folding event can be shown to predate the 1133+ 10/-5 Ma old 
Fleur-de-Mai granite (Emslie and Hunt, 1990), it is thought to be Labradorian in age. 
Photo 3-3: Both leucosomes and S11 fabrics are folded around F 21 fold axial 
planes throughout the Lac Joseph Terrane. 
Photo 3-4: Biotite aligned parallel to the F21 axial planes in the pelitic mig-
matites of the Lac Joseph Terrane; this relationship is only locally 
observed. 
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L2J LINEATIONS AND 
F2J FOLD AXES 
• 
N = 99 
Figure 3-5: Orientations of F2J axial planes and L2J fold axis 
in the pelitic migmatites of the southern Lac Joseph Terrane. 
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N. OSSOKMANUAN LAC JOSEPH 
Figure 3-6: Orientations of F2J axial planes in the domains of the Lac 
Joseph Terrane as indicated. 
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Photo 3-5: Sillimanite and mineral rodding in both leucosomes defme a 
lineation which is typically parallel to the F21 fold axes in the pelitic 
migmatites of the Lac Joseph Terrane. 
Photo 3-6: A-C fractures, infilled with magnetite, are oriented perpendicu-
lar to F ~ fold axes (here aligned perpendicular to the pencil and plane 
of the photograph) 
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Figure 3-7: Orientations of F2AJ fold axis in the indicated domains of 
the Lac Joseph Terrane. 
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Small (less than 1 mm wide) brittle fractures in the restite layers of Unit 1 are 
oriented perpendicular to the F 21 fold axes (a-c fractures) suggesting the F !,folding event 
may extended into more brittle conditions. Many of these fractures were subsequently 
infilled by magnetite (Photo 3-6). 
3.2.1.5 F3J Folding 
The Su fabrics and F21 axial planes in the pelitic supracrustal rocks are locally 
folded by northwest-trending tight to isoclinal folds which have upright axial planes. 
The fold axes are steep to venically plunging to the nonhwest and the southeast. Since 
these folds affect the F21 fold axial planes, they are termed F3, (Photo 3-7). All earlier 
fabrics have been preserved in this refolding event and F3, axial planar fabrics are 
absent. 
3.2.2 Early Intrusive Rocks of the Lac Joseph Terrane 
The state of strain in the intrusive rocks in the Lac Joseph Terrane is highly 
variable. These rocks range in appearance from massive and undeformed to strongly 
foliated and locally lineated. No evidence was observed to suggest that partial melting 
has occurred in any of the early intrusive units, suggesting that they were intruded after 
the main migmatite-generating event. 
Unit 2 contains inclusions of gneissic fragments, wisps of sillimanite-bearing 
restite correlated with Unit 1 and its microstructure varies from massive to foliated; 
foliation trends are variable. Both the K-feldspar megacrystic and spatially related 
equigranular granites exhibit weak to well-developed foliations which generally trend 
between north and nonheast and are steeply dipping, parallel to the main fabrics in the 
supracrustal rocks (especially in the southern domain as shown in Fig. 3-8a). Similarly, 
Units 3 and 4 exhibit foliations which are parallel to the nonheast-trending regional 
fabric in the southern Lac Joseph Terrane (Fig. 3-8a). 
The presence of fabrics in intrusive Units 2 to 4 with comparable orientations to 
the F2J axial planes in host migmatites suggests that 0 21 must have post-dated intrusion 
of these units. 
Photo 3-7: F 31 folds in the pelitic migmatites of the Lac Joseph Terrane. 
Photo 3-8: Mylonitic megacrystic granite wrapping around a losenge of 
gabbro of the Shabogamo Intrusive Suite which is internally foliated 
but was less ductile during mylonitization; from the north shore of 
Ossokmanuan Lake. Megacrysts indicate that the Lac Joseph Terrane 
moved northwestward over the Molson Lake Terrane. 
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PLANAR FABRICS: FLEUR-DE-MAI GRANITE 
Figure 3-8: Orientations of the planar fabrics in the 
granitoid rocks of the southern Lac Joseph Terrane. 
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3.2.3 Late Intrusive Rocks of the Lac Jost-ph Terrane 
Although the K-feldspar megacrystic Fleur-de-Mai granite (Unit 7) is 
predominantly massive, it exhibits a weak foliation in several localities. The fabrics in 
the Fleur-de-Mai granite are detined by aligned biotite and/or hornblende. There is no 
evidence of partial melting. 
The foliation in the Fleur-de-Mai granite is correlated, on the basis of orientation 
(Fig. 3-Sb) and intensity, with the F31 folds locally observed in the supracrustal rocks. 
This correlation implies that the FJ1 folding event must have post-dated the 
emplacement of the Fleur-de-Mai granite dated at 1133 + 101-5 Ma (Emslie and Hunt. 
1990) and is therefore most probably Grenvillian in age. 
3.2.4 Topographic Lineaments in the Lac Jost-ph Terrane-
Although few late brittle faults have been mapped, in the field a major lineament 
is apparent on both aeromagnetic and gravity maps. It can be traced from just south of 
the Labrador Trough in the Molson Lake Terrane, approximately 90 km into the 
interior of the Lac Joseph Terrane on a 070° trend. The aeromagnetic lineament 
terminates to the southeast of Lac Joseph (Fig. 2-1). The map pattern (Fig. 2 . 1) shows 
that there is a dextral offset of the boundary of Lac Joseph Terrane boundary along this 
trend, suggesting that it may be a fault. James et at. (1991) have interpreted two 
lineaments parallel to this major lineament, as late, brittle faults. 
3.3 Structural Geology of the Molsor• Lake Terrane 
Both the mafic and granitoid intrusive rocks of the Molson Lake Terrane exhibit a 
single planar and linear fabric. The similarities in style and orientation of this fabric in 
these two rock types suggest that they have experienced a similar deformation history 
and they will therefore be discussed together. 
The planar and linear fabrics are well developed and commonly of equal intensity. 
Within the granitic rocks, the planar fabric (S1M; subscript M denoting Molson Lake 
Terrane) is defined by aligned biotite, flattened mineral aggregates of quanz, 
plagioclase and feldspar and locally by an indistinct compositional layering. The 
comparable fabric in the Shabogamo Intrusive Suite is defined by flattened mineral 
aggregates and biotite alignment. Planar fabrics in the southern Molson Lake e~thibit 
dispersed trends, but dip mainly towards the nonhwest and southeast quadrants (Fig. 
3-9a). Planar fabrics in the nonhern part of the Molson Lake Terrane show a wider 
range of orientations (Fig. 3-10). 
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Lineations in both rock types are typically defined by aligned hornblende and 
elongated mineral aggregates; they plunge down the dip of the foliation planes towards 
the nonh to southeast in the southern domain (Fig. 3-9b). In the nonhern part of the 
Molson Lake Terrane, L1M plunges preferentially towards the southeast (Fig. 3-11). 
Titanite, a stable phase of the fabric-forming mineral assemblage in the granitoid 
rocks of the Molson Lake Terrane, yields Grenvillian U-Pb ages suggesting that D1M 
recrystallization and fabric development occurred during the Grenvillian Orogeny (see 
Section 6.4). This indicates that the D1M fabrics in the Molson Lake Terrane are not 
related to the 0 11 fabrics in the Lac Joseph Terrane. 
Although the fabrics generated during the D1M deformation event are typically not 
folded on the outcrop scale, the range of orientations of S1M planar fabrics in the 
Molson Lake Terrane suggests that they were folded subsequent to D1M fabric 
formation. This folding event, referred to as F2M, resulted in tight, map scale fold 
patterns about nonhwest-trending axial surfaces which are well displayed by the 
outcrop pattern of the gabbro bodies (Fig. 2-1) and orientations of the pre-folding 
planar fabrics. The dominant southeast trend of the L1M fabric suggests that F2M folding 
may have been coaxial with D1M. The F2M folds do not have associated axial planar 
fabrics, suggesting that recrystallization during this event was minimal. The absence of 
small scale folds in the Molson Lake Terrane may be attributed to the lack of any 
significant compositional anisotropy on the outcrop scale. Although the abundance of 
hinge areas relative to the total outcrop coverage suggests that the fold patterns may be 
more complicated than interpreted. the sparse exposure in the Molson Lake Terrane 
precludes a more detailed interpretation. The similar orientation and position in the 
relative chronologies of deformation in the Molson Lake and Lac Joseph terranes of F2M 
and Fl, folds, suggests that these folding events are correlative. 
SOUTHERN MOLSON LAKE TERRANE 
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L 1M MINERAL AND STRETCHING FABRICS 
Figure 3-9: Orientations of the 51 M planar and L 1M linear 
fabrics in the southern Molson Lake Terrane. 
45 








N.OSSOKMANUAN LAC JOSEPH 
Figure 3-10: Orientations of planar fabrics in the northern domains of the 
Molson Lake Terrane. 
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3.3.1 Topographic L~nt'amt'nts in tht' Molson Lakt' Tt>rrane 
In the southern part of the Molson Lake Terrane the straight, aligned 
southeast-trending shores of Lac Caopacho and Lac a Ia Marte (not shown on Figure 
2-1) are interpreted to mark the location of a north-northeast trending brittle fault 
(shown in the southeast part of the Molson Lake Terrane in Figure 2-1). Rocks of the 
Shabogamo Intrusive Suite do not occur on the east side of this interpreted fault, 
suggesting that it may have significant relative displacement. Furthermore, the only 
known occurrences of supracrustal rocks in the Molson Lake Terrane lie to the east of 
this fault, and most probably represents a small klippe of Lac Joseph Terrane (too small 
to bf" represented on Figure 2-1). 
3.4 Boundary Zone 
The boundary of the Lac Joseph Terrane is well-exposed in only three areas, 
along the northern and southern shoies of Ossokmanuan Lake and near Lac Emerillon 
(Fig 3-12). U·Pb data from the Lac Emerillon shear zone indicate that shearing 
occurred in the boundary zone at about 990± 12 Ma, during the Grenvillian Orogeny 
(see Section 6.10). 
3.4.1 North Ossokmanuan Shear Zone 
The margin of Lac Joseph Terrane is well-exposed on the islands and shoreline in 
the northern part of Ossokmanuan Lake (Fig. 3-12). Rock types from both Lac Joseph 
and Molson Lake terranes are strongly deformed in an anastomosing system of ductile 
shear zones. Megacrystic granitoid rocks and the Shabogamo Intrusive Suite of the 
Churchill Falls Terrane occur as strongly foliated and lineated mylonites (Photos 3-8 
and 3-9 respectively). The orientations of these shear zones vary from northeast to 
southeast trending, with an average east-west trend, and typically dip moderately 
towards the south (Fig. 3-13). Lineations are commonly down-dip towards the south to 
southeast. Kinematic indicators are rather rare in these mylonites in spite of the 
abundance of inclusions in the megacrystic granite. Where present, deflected foliations, 
shear bands, rotated megacrysts, sheath folds (Photos 3-10, 11 and 12) and CIS fabrics 
yield consistent kinematic information. To allow interpretation of a relative sense of 
displacement of the terranes. shear zones were restored to their presumed original south 
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Figure 3-12: Location of shear zones marginal to the Lac Joseph Terrane 
which were studied in detailed. 
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Photo 3-9: Mylonitized gabbro of the Shabogamo Intrusive Suite in north 
Ossokmanuan Lake. 
Photo 3-10: A narrow ductile shear zone in gabbro of the Shabogamo Intru-
sive Suite at the northern margin of the Lac Joseph Terrane (near 
Photo 3-11) indicates a dextral shear direction in this east-southeast 
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Figure 3-13: Detailed sketch map of the shear zone geometry at Ossokmanuan lake. 
Location shown in Figure 3-12. 
Photo 3-11: Shear bands (or extensional crenulation cleavage) and rotated 
feldspar inclusions indicate sinistral shear sense in this northeast dip-
ping shear zone along the northern margin of the Lac Joseph Terrane. 
Photo 3-12: A sheath fold protrudes from a narrow, flat-lying ductile mylo-
nite zone along the northern margin of the Lac Joseph Terrane. With 
half the sheath fold preserved (beneath pencil), the foliation closes on 
itself behind the branch. 
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dip· ing orientation by rotation through the minimum angle. Following this method, 
rr Jltiple occurrences of the aforementioned kinematic indicators suggest that the La~ 
JOseph Terrane was displaced towards the north-northwest over the Molson Lake 
Terrane. This reconstruction method will not accommodate overturned shear 10ncs. for 
which it will lead to a opposite sense of relati·:~ displacement (ic. normal vs. rcvcr~d). 
The total amount of displacement is an indeterminant function of the cumulative 
movements on all shear zones in the boundary fault system. 
Mylonitized sillimanite-bearing migmatite of Unit 1, located along the southern 
shore of Ossokmanuan Lake, has not been correlated with the shear zone fahril·s 
discussed above for several reasons. Although proximal to the margin and in an 
appropriate orientation, it is cross-cut by basic dyk~s of uncertain affinity (Photo 3- U), 
which render correlation equivocal for several reasons. Firstly, if the cross-cutting 
dykes are part of the Shabogamo Intrusive Suite, the shear zone must have formed prior 
to 1431 ± 7 Ma, the U/Pb age of this suite; this contrasts with the anastomosing shear 
system described above which incorporates gabbro of the Shabogamo Intrusive Suite. 
Alternatively, however, this dyke may be part of a later, post·Grcnvillian diabase suite. 
Secondly, th~ mineral assemblage in this shear zone is the same as that occurring 
throughout the Lac Joseph Terrane (ie. sillimanite - biotite - garnet - magnetite -
leucosome). This observation constrains the shearing to have occurred at one of three 
possible times: 1) at the same time that the sillimanite-bearing assemblage was forming 
in the rest of the Lac Joseph Terrane; 2) subsequent to the formation of the sillimanite 
assemblage in the Lac Joseph Terrane, but under comparable conditions such that 
sillimanite remained stable; or 3) after the sillimanite-bearing assemblage formed 
throughout the Lac Joseph Terrane, but under anhydrous disequilibrium conditions so 
that sillimanite was preserved. Since a sillimanite-bearing shear 1one elsewhere has 
been established to be Labradorian in age, (Section 6.5) it seems most probable th.st this 
shear zone may also be Labradorian and only coincidentally parallel to the marginal 
Grenvillian shear zone. 
Photo 3-13: Mylonitic fabric in the sillimanite-bearing migmatites along the 
northern margin of the Lac Joseph Terrane, cross-cut by a diabasic 
dyke of unknown age. 
Photo 3-14: Inhomogeneous shear strain in a shear zone exposed in south 
Ossokmanuan Lake at the eastern margin of the Lac Joseph Terrane. 
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3.4.2 South Ossokmanuan Shear Zone 
The shear zone bounding the Lac Joseph Terrane is also exposed along the shore 
at the south end of Ossokmanuan L...'\ke near the mouth of the Atikonak River. In this 
single outcrop, sillimanite-bearing migmatite is inhomogeneously mylonitized to a 
fine-grained strongly foliated matrix of quartz, feldspar, sillimanite. muscovite and 
biotite with K-feldspar porphyroclasts which are remnants of the coarse-grained 
leucosomes (Photo 3-14). This zone trends nonh-south with a steep westerly dip. 
Stretching lineations are horizontal to moderately plunging towards both the north and 
south. The orientation of F2M fold axes is irregular within the outcrop, suggesting !hat 
reorientation of the axes occurred during shearing. Rare kinematic indi~ators (C/S 
fabrics and rotated inclusions) indicate that the west block (Lac Joseph Terrane) moved 
nonhward relative to the east block (Churchill Falls Terrane). These data are 
compatible with the interpretation that this srear zone was reoriented by later folding, 
and that the present erosion surface is an oblique section through what was originally a 
southeastward-dipping shear zone. The presence of synkinematic retrograde muscovite 
in the shear zone supports a Grenvillian age for the shearing determined by U-Pb 
geochronology (see Section 6.10). 
3.4.3 Lac Emerillon Shear Zone 
Although the Lac Emerillon Shear Zone (Fig. 3-12) is considered part of the 
boundary shear zone, it does not actually separate rocks that belong to the two terranes, 
but rather juxtaposes two slices of the Molson Lake Terrane. This is apparently typical 
of the anastomosing style of the boundary shear system as demonstrated in the better 
exposed outcrops of the north Ossokmanuan shear zone. The actual location of the 
boundary is restricted spatially by outcrops of rock types from both terranes within 5 
km of each other. 
The Lac Emerillon Shear Zone is a northwest·trending, southwest-dipping, 
annealed, ductile shear zone which has incorporated both granitoid and gabbroic rocks 
of the Molson Lake Terrane (Photo 3- 15). Lineations plunge moderately towards the 
southeast. Scarce kinematic indicators (C/S fabrics, rotated feldspars) suggest that the 
southwest slice of Shabogamo Intrusive Suite moved nonhwestward over the lower 
Photo 3-15: Interlayered mylonitic granite and gabbro in the annealed Lac 
Emerillon shear zone near Ross Bay. 
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slice of the same unit. Reorientation of the mylonite fabric back to an approximate 
pre-folding geometry by unfolding around the local F:M fold axis direction yields a 
southeast-dipping mylonite zone with northwest-directed thrusting. U-Pb geochronolog.y 
has established that this shear zone was operative during the Grenvillian Orogeny (St.'C 
Section 6. I 0). 
3.5 A Window in the Lac Joseph Terrane 
A tectonic window is thought to be present in the centre of the Lac Joseph 
Terrane, based on two lines of evidence: I) the area in the 1>roposcd window is 
underlain by coronitic metagabbro correlated with the distinctive Shabogamo Intrusive 
Suite, a unit which is known only to exist in the Parautochthonous Belt; ::!) several 
outcrops of annealed mylonitic rocks have been found along the margin of the proposed 
window; and 3) n"' intrusive relationships (ie. dykes) were found in the surrounding 
migmatites. The bounding shear zones incorporate mafic gneiss and sillimanite-bearing 
migmatite of Unit 1. The mylonitized pelitic migmatites appear similar to those in the 
south Ossokmanuan shear zone, and consist of a fine- to medium-grained foliated and 
lineated matrix hosting porphyroclasts of K-fcldspar, which are presumed to be 
remnants of coarse-grained leucosomes. No convincing kinematic indicators were 
observed in the sheared pelitic migmatite. The folded and agmatitic nature of the mafic 
gneiss around Lac Joseph (Photo 2-5) contrasts sharply with the straight layering of this 
same unit at the contact between the proposed tectonic window and the Lac Joseph 
Terrane. This interpretation of a tectonic window of Molson Lake or Churchill Falls 
terrane in the Lac Joseph Terrane places qualitative constraints on the maximum 
thickness of and minimum north-westward transport distance for the Lac Joseph 
Terrane. 
3.6 The Scarcity of Kinematic Indicators in the Boundary Zone of the Lac 
Joseph Terrane 
In contrast to some terrane boundaries in which there are abundant kinematic 
indicators of the sense of displacement during ductile shearing (eg. Hanmer, 1988; 
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1989) very few kinemaric indicators have been observed along the boundary of the Lac 
Joseph Terrane. This observation has led the author to evaluate the criteria which lead 
to the formation of kinematic indicators in sheared rocks. 
The efficiency with which an inclusion of constant aspect ratio is rotated in a 
ductile shear zone is, in part. a function of the ratio of pure to simple shear, with the 
maximum angular velocity achieved in ideal simple shear (Ghosh and Ramberg, 1976; 
Hanmer, 1984). Ideal simple shear, operative in a non-collapsing transcurrent shear 
zone. will give way to pure shear as a shear zone becomes transpressive. In a thrust 
zone, pure shear will similarly increase in importance relative to simple shear as the 
thickness of the over-riding plate, and therefore, the incumbent load, increases. If the 
Lac Joseph Terrane was thick enough to constitute a significant incumbent load on the 
basal thrust zone, the efficiency of inclusion rotation in the shear zone may have been 
considerably reduced, thereby resulting in a scarcity of kinematic indicators. 
3.7 Structure of the Gagnon and Churchill Falls Terranes 
3.7.1 Introduction 
As previously mentioned, detailed mapping was not carried out in the Churchill 
Falls and Gagnon terranes. However. for future discussion of the regional tectonic 
framework, an overview of the structural styles in these terranes will be presented here. 
The tectonic evolution of the Gagnon Terrane was discussed by Rivers ( 1983) and has 
been the subject of two concurrent studies at Memorial University by J. van Gool, (in 
prep.) and D. Brown (1991); these sources have provided the following information 
about the Gagnon Terrane. The structural style of the Churchill Falls Terrane is 
described by Wardle (1982), Nunn and Christopher (1983) and Nunn et al. (1984). 
3.7.2 Gagnon Terrane 
The supracrustal rocks of the Gagnon Terrane extend across the Grenville Front 
into •he tectonic foreland and have been interpreted to represent a passive margin 
~uence lying unconformably on the Superior Province (Wardle and Bailey, 1981; 
Rivers, 1983: van Gool, in prep.). Within the Grenville Orogen, these metasedimentary 
rocks comprise a narrow, arcuate, northwest-verging fold and thrust belt which drapes 
around, and is overlain by. the northwest margin (\f the Molson Lake Terrane (Fig. 
2-1 ). Although the main penetrative fabrics. folding and thrusting are rcportt.'d to be of 
Grenvillian age (van Gool. in prep.: Brown. 1991). Brown (1991) reported that local. 
relict early fabrics are cross-cut by a recrystallized mafic dyke which he correlated with 
the 1431 ± 7 Ma Shabogamo Intrusive Suite implying that there is local fabric of 
pre-Grenvillian in age. The presence of both in-sequence and out-of-sequence thrusts, 
reported by van Goo! (in prep .) and Brown ( 1991). has been interpreted to suggest that 
Grenvillian thrusting occurred in two stages~ initial thin-skinned in-sequence folding 
and thrusting at higher crustal levels (low metamorphic grade) which was followed by 
larger scaJe, fold-dominated, out-of-sequence thrusting and folding at deeper crustal 
levels (higher metamorphic grade). Slices of Archean basement gneisses up to several 
kilometres thick, bounded by Grenvillian thrusts, are correlated with the Ashuanipi 
Metamorphic Complex to the northwest in the Superior Province (van Gool, in prep.). 
3. 7.3 Structure of the Churchill Falls Terrane 
Nunn and Christopher (1983) recognized migmatitic layering as the earliest 
structure in the northwest pan of the Churchill Fans Terrane adjacent to the Lac Joseph 
Terrane. Nunn et al. (1985) reported geochronological evidence suggesting that this 
migmatization occurred during the Labradorian Orogeny between i676 and 1666 Ma. 
Rare isoclinal folding of the migmatite layering predates the intrusion of a K-feldspar 
megacrystic granite which is reported to be mid-Labradorian in age, implying that this 
early folding episode must be early Labradorian. Although no supporting 
geochronological evidence was available, Nunn and Christopher (1983) suggested that a 
second phase of migmatization developed during the Grenvillian Orogeny. All previous 
tectonic fabrics were subsequently refolded, transposed and pervasively recrystallized at 
this time. In light of the results of the U/Pb data in this study, it would seem reasonable 
to suggest that, like the Lac Joseph Terrane, all migmatization in the supracrustal rocks 
of the Churchill Falls Terrane is Labradorian in age. 
3.8 Conclusions 
In the Lac Joseph Terrane, the Labradorian Orogeny resulted in partial melting 
and the development of eneissic layering during Du, at which time nattening and linear 
fabrics in the leucosomes, and planar ana ii•iWI mineral fabrics in the restites (S11 and 
L11) were formed in tl,e pelitic migmatites of the Lac Joseph and Churchili Falls 
Terranes. This 0 11 event in the Lac Joseph Terrane was followed by widespread, 
penetrative F2J refolding of the early fabrics and localized recrystallization of biotite. 
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Du flattening fabrics and F2J folding attest to the compressive nature of the Labradorian 
Orogeny in the Lac Joseph and Churchill Falls terranes. Although large volumes of 
granitoid rocks were intruded into the Molson Lake Terrane during the Labradorian 
Oroger··, no evidence was found to suppon the existence of Labradorian deformation in 
this terrane. Although Brown (1991) interpreted the pre-Grenvillian fabrics in the 
nonhern Gagnon Terrane to be Hudsonian in age, there is no evidence to preclude the 
possibility that they in fact are Labradorian. thereby raising the possibility that the 
effects of the Labradorian Orogeny may have extended into the Gagnon Terrane. 
The intrusion of gabbros of the Shabogamo Intrusive Suite marks the first 
significant post-Labradorian event within the Grenville Orogen of western Labrador. 
No structural features are attributable to their emplacement. 
The Grenvillian Orogeny resulted in the development of penetrative planar and 
linear fabrics (51M and L1M) in the Molson Lake ar.d Gagnon terranes of the 
Parautochthonous Belt. These early fabrics were subsequently folded later during the 
Grenvillian Orogeny. about nonhwest-trending F2M axial planes which are correlated 
with the last folding event in the Lac Joseph Terrane (F3J). Primarily on the basis of 
metamorphic evidence (Chapters 4 and 5). the Molson Lake Terrane is interpreted to 
have undergone major nonhwest-directed crustal shonening during the Grenvillian 
Orogeny. The structural pal~ern interpreted for the Molson Lake Terrane is in accord 
with that inferred for other Parautochthonous terranes. For instance, Rivers, (1983) and 
van Goo! (in prep) have documented the progressive development of a large scale fold 
and thrust belt in the Gagnon Terrane at this time. 
The parautochthonous and allochthonous terranes were juxtaposed into their 
present relative positions along ductile. locally anastomosing systems of shear zones. 
Kinematic indicators. which are scarce. are consistent with a nonhwest-directed, 
top-side-up sense of movement along the shear zones. The Lac Joseph Terrane is thus 
the highest structural level exposed: it overlies the Molson Lake and Churchill Falls 
terranes, which in tum overlie the Gagnon Terrane all of which are parautochthonous 
with, and structurally overlie the foreland to the nonh of the Gagnon Terrane. The 
structural relationship between the Molson Lake and Churchill Falls terranes is not 






In the previous chapter, the relative chronology of mineral growth, as established 
from textural criteria and the relationships of mineral growth to structural fabrics, has 
been utilized to establish the relative timing of metamorphic and structural events in the 
Molson Lake and Lac Joseph terranes. In this chapter, mineral assemblages, mineral 
chemistry and reaction microstructures are linked to mineral equilibria in order to 
constrain the P-T conditions which prevailed in these terranes during the Labradorian 
and Grenvillian orogenies. 
In general, P-T estimates may lJe based either on petrogenetic grids or on 
experimentally calibrated pressure and temperature sensitive continuous reactions. In 
this chapter the first approach is followed, such that the mineral assemblages, mineral 
chemistry and mineral reactions are discussed in terms of the constraints that they put 
on the P-T conditions of metamorphism during the Labradorian and Grenvillian 
orogenies. In Chapter 5, geothermometery and geobarometery are employed to more 
accurately quantify the P-T conditions during the two orogenic events. 
4.2 Pelitic Migmatites of the Lac Joseph Terrane 
The pelitic migmatites in the Lac Joseph Terrane comprise two distinct 
leucosomes (N1 and N2) interlayered with restite which contains aluminosilicate- biotite 
- garnet - magnetite or muscovite - biotite - garnet - hematite. Tht: aluminosilicate may 
be sillimanite or, more rarely, kyanite; muscovite-bearing assemblages are subdivided 
according to whether the muscovite is aligned or randomly oriented. In the following 
sections, the petro.graphy and petrogenetic implications of the leucosomes and the four 
types of restite assemblage are discussed. 
4.2.1 Leucosomes in the Pelitic Migmatite 
All metapelitic and semipelitic rocks are extensively migmatized throughout the 
map area, regardless of the assemblages in the restite. The early leucosomes (N1), are 
dominated by plagioclase and quartz with lesser amounts of K-feldspar; these 
leucosomes are fine grained, foliated and lineated, and generally light grey in colour. 
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The N2 leucosomes are subparallel to the earlier N 1 leucosomes. but can be 
distinguished from the latter by the greater abundance of K-feldspar. TheN! 
leucosomes are also commonly foliated and lineated. but are coarser grained than N, 
leucosomes and are pinker in colour. In thin stction. both N1 and N! leucosomes exhibit 
a wide range of textures: granular textures dominate the lesser deformed kucosomcs 
(Photo 4-l), but internally strained, elongated grains with extensive subgraio 
development and seriated grain boundaries are much more typical (Photo 4-::!). The 
contacts between the restites and leucosomes are typically abrupt; restitc minerals arc 
rarely observed in the leucosomes except in the muscovite-bearing migmatites where 
muscovite is present in the leucosome. All phases are observed to be in mutual. stable 
contact except locally in areas dominated by the muscovite-bearing rcstitc where 
muscovite preferentially rims K-feldspar. 
No unequivocal evidence has been found to indicate the processes by which melt 
was generated and many questions therefore remain unanswered. The delicate 
interlayering of the leucosome and restite, the concentration of "residual phases" in the 
restite and the local presence of restite microrafts in the leucosomes suggest that the 
leucosomes were derived, at least partially, in situ. The presence of only quartz and 
feldspars, and the paudty of ferromagnesian residual phases in the leucosomes suggests 
that melting occurred primarily by the breakdown of plagioclase + K-feldspar + quartz 
+ water, corresponding to the granite minimum melt reaction. However, it is also 
possible that dehydration melting of a muscovite-bearing assemblage generated a water 
undersaturated melt that crystallized K-feldspar upon cooling. 
4.2.2 Aluminosilicate-Bearing Restites 
Restites in the Lac Joseph Terrane typically contain the assemblage 
sillimanite-biotite-garnet-magnetite: kyanite locally occurs instead of, or with, 
sillimanite along the north and west margins of the terrane and adjacent to the western 
side of the tectonic window (Fig. 4-1). The relative timing of kyanite and sillimanite 
growth is uncertain, even in samples containing both minerals. The aluminosilicate and 
biotite are typically intergrown and subparallel, defining Su and L11 • Biotite is localiy 
recrystallized parallel to F21 axial planes. Sillimanite and biotite both wrap around and 
terminate against garnet (Photos 4-3 and 4-4 respectively); aligned sillimanite inclusion 
Photo 4-1: Unstrained leucosome within the pelitic migmatites of the Lac 
Joseph Terrane. Plane polarized light. 
Photo 4-2: Subgrain development in quartz in the leucosome of the pelitic 








DISTRIBUTION OF KYANITEJAND MUSCOVITE 
IN PELITIC MIGMATITES, LAC JOSEPH TERRANE 
Lac Joseph Terrane 
a Kyanlte-Bearlng Metapelite 
o Muscovite-Bearing Metapelite 
Figure 4-1: Distribution of kyanite- and muscovite-bearing assemblages in the 
restites of the pelitic migmatites in the Lac Joseph Terrane. Areas in the 
Lac Joseph Terrane without pa~ern contain the mineral assemblage 
sillimanite - biotite - garnet - magnetite in the restite. 
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Photo 4-3: Garnet porphyroblast, containing relict internal fabric. The 
external fabric, S11 , defined by biotite and sillimanite, wraps around the 
garnet indicating that garnet predated the end of the D 11 phase of 
deformation. Plane polarized light. 
Photo 4-4: Biotite defining the S11 fabric abutting garnet, which truncates 











trails in garnet are approximately parallel to the matrix. fabric . Magnetite is present in 
two textural associations: 1) as small equant grains disseminated in the restite lPhoto 
4-5); and 2) infilling fractures perpendicular to the F~1 fold axes between boudinaged 
aggregates of restite phases (Photo -l ·6). The aluminosilicate. biotite. garnet and 
magnetite are in mutual. sharp contact and appear to he stabk together. 
These microstructural relationships suggest that the aluminosilicah:. oiotite. garnet 
and the disseminated magnetite formed a stable assemblage and rcmaint.'d stable until 
the cessation of mineral reactions. The assemblage sillimanite -garnet - biotite -
magnetite defines the principal fabric in the 1634+ 13/-4 Ma shear 10nes (St.'C U-Pb 
data. Chapter 6) implying that it was generated during the Labradorian Orogeny. The 
local recrystallization of biotite into parallelism with r~ axial planes apparently did not 
result in the penetrative recrystallization of biotite throughout the Lac Joseph Terrane. 
The consistent orientation of the magnetite-filled fractures perpendicular to r!J fold alles 
is interpreted to indicate that the fractures are related to extension associated with the 
F21 folding. This suggests that the magnetite in these fractures crystalli7.cd after the 
main restite mineral assemblage, and so it may not be in equilibrium with the other 
phases unless the earlier P-T conditions persisted during the F11 folding. No textural 
evidence has been observed to indicate the origin of this late magnetite; it therefore 
remains uncenain whether it was precipitated from solutions. remobilized from the 
early disseminated magnetite and/or generated by the breakdown of fcrromagncsian 
minerals in the restite. Within the aluminosilicate-bearing restitc. there is no evidence 
for discontinuous reactions between any of the restite phases or between these phases 
and the minerals in the leucosome. 
4.2.3 Bulk Chemistry of the Pelitic Migmatitt>s 
In order to quantify the chemical variability of the pelitic migmatites, nine 
representative samples of this unit were analyzed for major and minor elements at the 
laboratories of the Newfoundland Department of Mines; the analyses arc tabulated in 
Appendix 1. As would be expected for a supracrustal unit, the major clements for the 
nine samples vary considerably. For example, Si02 and Al20 3 vary between about 68% 
and 79% and 10.5% to 17.5% respectively. The relative variation for the other 
elements is comparable in magnitude to that of Al20 3• 
Photo 4-5: Magnetite (opaque phase) disseminated throughout the restite of 
the pelitic migmatites in the Lac Joseph Terrane. Plane polarized light. 
Photo 4-6: Secondary magnetite in a-c fractures in the restite of the pelitic 









In order to assess the local variations in the Fe·!: Mg ratio in ferromagncsian 
minerals, and to assess the amount of Fe·• not held in magnetite, the relevant whole 
rock analyses of Fe and Mg have heen plotted in Figure 4-~. Fe-,01 is more abundant 
than FeO in all but two samples. JNC-86-78 and JNC-86-96 (Fig . 4-:~). The ratio of 
MgO/MgO+FeO(total) (where FeO(total) represents all FcO in the analyses) varies 
between about .15 and .31. In order to assess this ratio in the silicate phases in these 
rocks. the analyses have been recalculated assuming that all Fc.p, occurs in magnetite: 
FeO is coupled with the Fep3 in magnetite assuming an FeO: Fe.:O, ratio of 31 :tl9 by 
weight percent (Deer et al.. 1966) and this amount is subtracted from FcO(total) to 
derive FeO(-mgt). MgO/MgO+ FeO(-mgt) thus approximates the Mg.O/MgO + FcO 
ratio for ferromagnesian silicate minerals and has a restricted range of variation 
between .56 and . n. 
4.2.4 Mineral Chemistry of the Aluminosilicatt-bearing Pelitic l\ligmatitts 
4.2.4.1 Introduction 
All mineral analyses discussed in this chapter were made with an electron 
microprobe, a technique which is not capable of distinguishing Fe • 1 from Fe ' 1• Several 
possible methods of calculating Fe•2 and Fe• 1 from microprobe analyses have hccn 
proposed, but all suffer from certain shoncomings. In this study, all calculations of 
chemical formulae are based on the assumption that Fe• 1 = FeToTAI. A discussion of 
this assumption is presented in Appendix :2 . Mineral analyses presented in this and the 
following chapter are tabulated in Appendix 3. 
4.2.4.2 Garnet 
Garnet compositions vary considerably in the pelitic migmatites of the Lac Joseph 
Terrane. The almandine-pyrope ratio exhibits the greatest variability with the 
Mg/(Mg +Fe) ranging from . 148 to . .571 (Fig . 4-3a). The negative correlation between 
Mg and Fe evident in Figure 4-3a implies that most garnets in the metapclites are 
predominantly mixtures of almandine and pyrope, although sample 7054 is an obvious 
exception. The nonhero and nonhwestem domains (5000-8000 numbers) are 
characterized by higher Mg/(Mg +Fe) ratios compared to the southern domain (0-2000 
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Sample Number (all prefixed with JNC-86) 
Figure 4.2: MgO, FeO and Fe203 weight percent oxides and ratios from whole 
rock geochemistry of the pelitic migmatites of the Lac Joseph Terra.ne plotted 
for each sample (x axis). Mg/Mg+Fe+2(tot) represents total Fe+2; 
Mg/Mg+Fe+2(-mgt) represents Fe+2 after removing Fe+2 in magnetite 
(assuming a ratio of 31:69 for FeO:Fe203 for magnetite (Deer et al., 1966) 
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Figure 4-3: Chemical composition of gamets in migmatites of the 




therefore forms only a minor component of the garnets (fig. 4-3b). Ca varies between 
.05 and .2 cations per formula unit and shows a weak inverse relationship with Fe (Fig. 
4-4). 
Electron microprobe traverses were performed across garnets in most samples to 
test for the presence of chemical zonation in individual grains. A representative 
selection of garnet profiles is shown in Figure 4-5 in which it can be seen that there is a 
weak enrichment of Fe relative to Mg near the grain edges in two of the samples (235 
and 418) while sample 368 exhibits no zonation. There is no perceptible systematic 
variation of Cain the six traverses shown in Figure 4-5 . Zonation patterns such as these 
are common in garnets of upper amphibolite- to granulite-facies rocks and imply that 
the garnets were homogenized during the peak of metamorphism (Tracy, 1982). The 
weak decrease in Mg/Mg +Fe ratio near the rims of some of the grains is interpreted to 
be a consequence of retrograde intergranular re-equilibration of Mg and Fe during 
cooling. In this case, it is likely that Fe and Mg were exchanged between garnet and 
biotite. 
4.2.4.3 Biotite 
Biotite aligned parallel to the Su fabric was selected for electron microprobe 
analysis rather than that parallel to the F2 axial surfaces for reasons noted above. The 
majority of Mg/(Mg +Fe) ratios from biotite in the pelitic migmatites fall between .6 
and .8 with outliers around .5 and .85 (Fig. 4-6). These ratios indicate that a majority 
of analyses fall within the phlogopite field as defined by Deer et al. (1966) (Mg:Fe 
greater than ~ : I). Mg/(Mg +Fe) ratios appear to show systematic spatial variation, 
with the north and northwestern parts of the Lac Joseph Terrane (5000-8000 numbers) 
having Mg/(Mg+Fe) ratios which are higher than those in the south (0-2000 numbers). 
In order to assess the variability in the Mg/(Mg +Fe) ratios between coexisting 
garnet and biotite, the compositions of these phases have been plotted on AFM 
diagrams (Figs. 4-7 and 4-8) . Figure 4-7 shows that coexisting garnets and biotites span 
a range of compositions in terms of their Fe:Mg ratios, but that the slope of the tie lines 
joining coexisting mineral pairs are rather constant in orientation suggests that chemical 
equilibrium was maintained on a gross scale during the metamorphism and over a 
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Figure 4-4: Chemical composition of garnets In pelitic migmatites 





CHEMICAL PROFILES THROUGH GARNETS, LJT 
0.2 
·······:::.:::::::::::::; .! :::::::::::. ,, .......... .-.,.:::::::~:::,-JI. ...... ,:::::::.::::!.~~: ::::::·~::~-~~~::::::::~:~·---········--·-··------- ... .. 





• MG/MG+FE + CA/CA+MG+FE+MN 
Figure 4-5: Chemical variations across garnets in the pelitic migmatites 
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Figure 4-6: Chemical composition of biotite in the pelitic migmatites 




COEXISTING GARNET- BIOTITE; ALL MIGMATITES OF THE LJT 
A 
M 
Figure 4-7: Composite plot of all co-existing garnet and biotite from 
pelitic migmatites in the Lac Joseph Terrane on an AFM diagram 
projected from K-Feldspar. 
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COEXISTING GARNET- BIOTITE; MIGMATITES OF THE LJT 
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Figure 4-8: Compositional variations of co-existing garnet and biotite 
plotted on AFM diagrams projected from K-feldspar. 
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to their locations with respect to four domains in the Lac Joseph Terrane, suggests that 
there may be differences in Mg/ Fe ratios in the fcrromagnesian silicate minerals across 
the Lac Joseph Terrane. This may be due. in pan. to differences in the modal 
ahundance of magnetite between domains; a positive correlation is apparent between the 
modal abundance of magnetite and the Mg/Mg +Fe ratio in ferromagnesian minerals in 
most samples for which mineral chemistry data are available (see Section 4.:!.5). 
4.2.4.4 Plagioclase 
Plagioclase in the aluminosilicate-bearing pelitic !lligmatitcs is albite rich, varying 
between ai..~ut 20 and 40% An (oligoclase to andesine) (Fig. 4-9) and onhoclasc 
contents are very low (generally < 2% Or). Plagioclase in the northern and 
nonhwestem regions (5000-8000 numbers) tends to have a lower Ab content than those 
in the southern domain (0-2000 numbers). No exsolution textures were observed. 
4.2.5 Relevant Reactions and Petrogenetic Constraints for the 
Aluminosilicate-bearing 1\tigmatites. 
The P-T conditions during the Labradorian Orogeny may be roughly constrained 
by three observations: l) si11imanite- biotite- garnet- magnetite- K-feldspar arc the 
stable phases in the Labradorian restite of the pelitic migmatites throughout most of the 
Lac Joseph Terrane; 2) kyanite - K-feldspar is the stable Labradorian subasscmblage 
along the structural base of the Lac Joseph Terrane along the nonhem and western 
margins and around Lac Joseph; and 3) N1 leucosome phases containing plagioclase -
quartz - K-feldspar formed during the Labradorian Orogeny. 
The assemblage kyanite- K-feldspar (bathozone 6. Carmichael, 1978) implies that 
the pressure exceeded about 7.5 kbar to 8 kbar in the kyanite-bearing samples. The 
apparent lack of a structural break between the sillimanite and kyanite-bearing samples 
suggests that the pressures were not significantly different for sillimanite-bearing 
samples proximal to those containing kyanite. Pressures may have been lower in areas 
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Figure 4-9: Chemical variation of plagioclase In pelitic migmatites In 
the Lac Joseph Terrane. Straight line represents Na + Ca = 1. 
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The presence of sillimanite in the majority of samples of pelitic migmatites of the 
Lac Joseph Terrane requires that temperatures must have been in excess of 500°C, the 
invariant point in the aluminosilicate system (Fig. 4-10). 
The presence of N, leucosomes containing plagioclase- quartz- K-feldspar, that 
are inferred to have formed by panial melting, implies that temperatures required for 
melting were exceeded throughout the Lac Joseph Terrane. The minimum melting 
temperatures for the system ~0-Nap-Aip3-Si01-H20 is about 620°C for pressures 
between 5 and 10 kbar, whereaH20 is unity, for the reaction: 
muscovite + K-feldspar + albite + quartz + Hp = liquid (R4-I) 
(Fig. 4-10). The absence of ferromagnesian phases in the N,leucosomes suggests that 
such phases were not involved in the melting reactions for which no adequate 
explanation can be given with the existing data base. 
The assemblage sillimanite- biotite- garnet- magnetite - melt in the pelitic 
migmatites requires that temperatures must have been in excess of those required for 
the reaction: 
muscovite + albite + quartz = sillimanite 
K-feldspar + liquid (R4-2). 
This indicates that temperatures were above approximately 700°C (Fig. 4-1 0) . 
The lack of prograde overprinting minera1s, mineral zonation or significant spatial 
variability of assemblages in the Lac Joseph Terrane precludes a petrogen~tic-based 
surmise of the prograde P-T-t particle paths which these rocks experienced during the 
Labradorian Orrgeny. 
Exchange and net transfer reactions in the stable aluminosilicate-bearing 
assemblage are thought to have operated to maintain chemical equilibrium between 
phases as the P-T conditions fluctuated. The dependence of the Fe +2 and Mg • 2 
distribution in co-existing garnet and biotite on temperature, and to a lesser degree, 
pressure in the reaction: 
pyrope + annite = phlogopite + almandine (R4-3). 
forms the basis for garnet - biotite geothermometry. However, the Fe•2 and Mg •2 
distribution in these two minerals is also dependent on the reaction : 
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Figure 4-10: Reactions In P·T space relevant to the pelitic migmatites 
of the Lac Joseph Terrane. Alumlnoslllcate reactions: Holdaway, 1971; 
OPX reactions: Berman et al., 1987; remainder from Thompson 




in which the Fe/Mg ratio in biotite and garnet are dependent on both temperature and 
the activity of water. Kretz (1990) suggested that shifts in the distribution of Fe and Mg 
in coexisting garnet and biotite, which have traditionally been interpreted as an 
indication of changing temperature, may in fact be due to changes in the activity of 
water while reaction R4-4 is operative. However, in this case, the variation of the 
equilibrium constant (K) for garnet - biotite equilibria in reaction R4-3 changes very 
systematically over the Lac Joseph Terrane as a whole. suggesting that it is unlikely to 
have been caused by local differences in the activity of water. Thus the variation in K is 
interpreted to be due to P-T differences. Such an int~rpretation is consistent with 
independent constraints on P-T conditions in the Lac Joseph Terrane provided by 
variations in mineral assemblages. 
The absolute amount of fe+Lbearing components in garnet and biotite is partially 
controlled by the oxidation reactions: 
almandine + 0 2 = magnetite + aluminosilicate + quartz c R4-5) 
and 
annite + 0 2 = magnetite + K-fcldspar + water (R4·6) 
respectively. These reactions account for the positive correlation between the Mg/Fe 
ratios and the model percent of magnetite in the pelitic migmatites (discussed in Section 
4.2.4.3). Although changes in the oxygen fugacity may have caused a shift in the 
Fe/Mg ratios in garnet and biotite, they would not have modified the equilibrium 
constants (K) for reactions R4-3 and R4-4. Changes in oxygen fugacity would, 
therefore, not have affected the biotite - garnet geothermometer. 
The stability of anorthite in plagioclase is controlled by the pressure dependent net 
transfer reaction: 
anorthite = grossular + aluminosilicate + quartz ( R4-7). 
The theoretical calibrated dependency of this reaction on pressure is utilized in Chapte r 
5 to estimate differences in pressure across the Lac Joseph Terrane. 
4.2.6 Muscovite-bearing Restite of the Pelitic Migmatites 
Two areas in southern Lac Joseph Terrane contain pelitic migmatites with 
muscovite-bearing restites (Fig. 4 -1) consisting of muscovite, biotite, garnet and 
hematite. The leucosomes are depleted in K-feldspar relative to the 
aluminosilicatc-bearing migmatites, resulting in a bleached appearance on weathered 
surfaces. 
4.2.6.1 Southwestern Margin of the Lac Joseph Ttrrane 
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Gamet and fine-grained bi->tite along the southwestern margin exhibit comparable 
microstructural relationships to those in the aluminosilicate-bearing migmatites 
discussed previously. Microstructures of hematite are similar to those exhibited by 
magnetite elsewhere. Muscovite in this area is typically aligned parallel to the main 
gneissic fabric, but is locally randomly oriented. Where preserved, sillimanite is 
overprinted and in reaction relationship with muscovite (Photo 4-7). Although 
muscovite may form small, radiating clusters at biotite grain boundaries (Photo 4-8), it 
is commonly observed in sharp contact with all phases in the restite. Randomly oriented 
chlorite is rare, and is interpreted to be a late phase and not in equilibrium with the rest 
of the assemblage. 
Muscovite is interpreted to have replaced siaiunanite by the reaction: 
sillimanite + K-feldspar + H20 = muscovite + quartz (R4-8) 
Microstructural relationships suggest that the reaction was initiated under deviatoric 
stress conditions. but subsequently continued under neutral stress conditions leading to 
the formation of randomly oriented muscovite. Biotite appears to have synchronously 
partially recrystallized under both stress environments. The common observation of 
sharp contacts between muscovite and biotite intergrowths suggests that the two phases 
were mutually stable. The radiating muscovite at biotite grain boundaries is interpreted 
to be a consequence of preferential nucleation of muscovite on biotite. 
4.2.6.2 Aureole of the Fleur-de-Mai Granite 
Within about 20 km of the Fleur-de-Mai granite in the southeastern Lac Joseph 
Terrane, muscovite randomly overprints aligned sillimanite (Photo 4-9) and is also 
disseminated in the leucosomes (Photo 4-10). Sillimanite gradually diminishes in modal 
abundance towards the contact with the intrusion and is absent in the immediate vicinity 
of the intrusive body. Randomly orientee biotite is much coarser grained (Photo 4-11) 
than in the aluminosilicate-bearing migmatites to the immediate northwest. Biotite in 
Photo 4-7: Aligned muscovite overprinting sillimanite in the pelitic 
migmatites of the Lac Joseph Terrane. Cross polarized light. 
Photo 4-8: Muscovite growing preferentially around pre-existing biotite in 
pelitic migmatites along the southwestern margin of the Lac Joseph 









Photo 4-9: Randomly oriented muscovite overprinting sillimanite in the 
pelitic migmatites adjacent to the Fleur-de-Mai granite in southeastern 
Lac Joseph Terrane. Cross polarized light. 
Photo 4-10: Random, coarse grained muscovite in the Fleur-de-Mai 









Photo 4-11: Coarse-grained biotite in the pelitic migmatites of the 
southeastern Lac Joseph Terrane. Cross polarized light. 
Photo 4-12: Coexisting hornblende and plagioclase in amphibolite facies 











this region is commonly overprinted by chlorite and epidote. Where sillimanite is 
absent, biotite and muscovite are in sharp contact with each other and with earlier 
phaSc!s in both the restites and leucosomes. 
Muscovite is interpreted to have replaced sillimanite in the restites and K-feldspar 
in the leucosomes: muscovite. biotite, plagioclase. quartz. K-feldspar and hematite 
therefore comprise a stable retrograde metamorphic assemblage which replaced the 
original sillimanite-bearing assemblage. The random orientation of both muscovite and 
biotite implies that they were generated and/or recrystaJiized under approximately 
neutral stress conditions. The spatial association of this muscovite-bearing migmatite 
zone with the Fleur-de-Mai granite suggests that retrogression occurred as a 
con~quence of contact metamorphism. This requires that the sillimanite-bearing 
assemblage that predated the formation of muscovite must have predated the intrusion 
of the Fleur-de-Mai granite ( 1133+ 10/-5 Ma: Emslie and Hunt, 1990). This reinforces 
the previous arguments that the sillimanite-bearing assemblage is Labradorian in age. 
4.2.6.3 Relt>vant Mint>ral Reactions and Petrogenetic Constraints in the 
Muscovite-bt>aring .!\ligmatitt>s 
The observations that muscovite overprints sillimanite and that K-feldspar is 
depleted in the muscovite-bearing migmatites suggests thC:ti Jui.!<;eovite was generated by 
the breakdown of sillimanite - K-feldspar - water (reaction R4-8) requiring that the 
temperature and pressure was within the muscovite +quartz stability field (Fig. 4-10). 
Assuming that significant dehydration occurred during the production of the 
aluminosilicate-bearing assemblages, the origin of the water necessary for this reaction 
must have been from outside the reaction site. Water availability may have been the 
rate-controlling step in preventing more widespread retrogression and muscovite 
formatior. These waters are thought to have been responsible for the oxidizing 
conditions which prevailed during the retrogression, resulting in the conversion of 
magnetite to hematite in the muscovite-bearing migmatites. That the water was 
oxidizing. suggests that it may have been circulating meteoric fluids which, in turn, 
implies that the Fleur-de-Mai granite was emplaced into a shallow level. 
Muscovite along the southwestern margin has y11:ld~d an ~''r\r/'~Ar date of ca. 
1000 Ma (see Section 7.~.~) . an age comparable to the age of the marginal Lac 
Emerillon shear zone to the north. Thus this muscovite was probably formed during the 
juxtapositioning of the Lac Joseph and Molson Lake terranes with water tr<tnsf~rrcd 
from lower to upper plate during the Grenvillian emplacement. 
.$.3 !\lafir Gneisses of the L4lr Joseph Terrane 
The mafic gneisses of the Lac Joseph Terrane exhibit both amphibolit~ and 
granulite facies mineral assemblages. The spatial distribution of the asSt!r. :blag~s is 
shown in Figure 4-11. 
4.3.1 Amphibolite Fades Mafic Gneisses in the Lac Joseph Terrane 
Matic gneisses in th·~ amphibOlite facies consist predominantly of plagioclase, 
hornblende, biotite and quartz with or without minor amounts of titanite. magnetite, 
epidote and/or clinopyroxene. Hornblende is typically equigranular. polygonal (Photo 
4-1~) and shows stable contacts with plagioclase and biotite (Photo 4-13) . Actinolite 
locally replaces hornblende. Quartz is present as small rounded grains dispersed in 
coarser grained plagioclase. Titanite and magnetite are common as disseminated phases 
in stable contact with plagioclase, hornblende and biotite. Rare occurrences of 
clinopyroxene are small idioblastic gr.tins which exhibit stable contacts with all other 
phases. Amphibole, titanite, clinopyroxene, biotite and plagioclase commonly 
preferentially define a weak planar fabric . Fine-grained epidote forms discontinuous 
rims around hornblende (Photo 4-14). 
Hornblende - plagioclase - biotite - quartz ± clinopyroxene ± titanite ± 
magnetite comprise the stable assemblage in the amphibolite facies 10ne. Epidote 
appears to have been generated later and is therefore not included as part of the 
assemblage. The alignment of subequant minerals of this assemblage implies that 
crystallization occurred under deviatoric stress conditions. Titanite from southern Lac 
Joseph Terrane amphibolite facies has been dated at 1281 Ma (U-Pb, see Section 6.1H 
implying that syntectonic, amphibolite grade metamorphism OC(:urrcd at this time (at 
least in the southern part of the Lac Joseph Terrane). 
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Figure 4-11 : Distribution of mineral assemblages in the mafic gneisses of the 
Lac Joseph Terrane. Amphibole facies gneisses comprise the assemblage 
H8L- PLG- 810- TIN; granulite facies assemblages comprise OPX-
CPX - PLG - 810; transition facies assemblages contain minerals from both 
the amphibolite and granulite facies. The northern part of the OPX IN 
isograd is from Nunn and Christopher (1983). 
Photo 4-13: Coexisting hornblende, biotite, plagioclase and magnetite in 
amphibolite facies mafic gneiss of the southwestern Lac Joseph 
Terrane. Cross polarized light. 
Photo 4-14: Hornblende rimmed by epidote in the amphibolite facies mafic 









4.3.2 Granulite Facies Mafic Gneisses af the Lac Joseph Terrane 
Granulite facies assemblages consist principally of plagioclase, orthopyroxene, 
clinopyroxene and biotite with or without quartz, hornblende and magnetite. These 
two-pyroxene-bearing rocks typically exhibit equlgranular. granoblastic textures. 
Orthopyroxene, clinopyroxene, hornblende, plagioclase and biotite are typically in 
sharp mutual contact (Photos 4-15 and 16). Although hornblende is commonly part of 
the stable granulite assemblage, it also locally forms rims around orthopyroxene. 
Cummingtonite is locally present adjacent ~o or within orthopyroxene. 
All phases in the granulite facies are thought to be in stable equilibrium, except 
where orthopyroxene shows incipient signs of alteration to hornblende and/or 
cummingtonite. 
4.3.3 Granulite - Amphibolite Transition 
Whereas evidence cf instability of orthopyroxene is rare and localized in the 
granulite facies zone, it is pervasive in the transition zone in the southern Lac Joseph 
Terrane (Photo 4-17) which is dominated by the assemblage plagioclase -
orthopyroxene - clinopyroxene - hornblende- biotite -quartz. Orthopyroxene is thought 
to break down by the reaction: 
orthopyroxene + clinopyroxene+ plagioclase = hornblende+ quartz (R4.9). 
Thus the amphibolite - granulite facies transition is interpreted to be due to retrograde 
rather than prograde metamorphic conditions. In the amphibolite facies proper, to the 
northwest of the transition zone, it appears that orthopyroxene was completely 
consumed in ihis reaction at approximately 1281 Ma, the age of titanite co-existing with 
amphibole. The presence of fine-grained, metamorphic orthopyroxene in 
rapakivi-textured granite (Photo 2-6) in the amphibolite facies zone as defined by 
metabasic rocks, is compatible with the interpretation that this area had prev1ously 
experienced granulite facies conditions during the Labradorian Orogeny and that the 
amphibolite-granulite facies boundary is thus a retrograde rather than prograde 
transition. The preferential re!rogression of orthopyroxene in the mafic gneiss as 
opposed to rapakivi granite suggests that the water activity in the former must have 
b«..-en greater than in the latter at the time of retrogression. 
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Photo 4-15: Coexisting orthopyroxene, hornblende, biotite and plagioclase 
in the granulite facies mafic gneiss of the southeastern Lac Joseph 
Terrane. Plane polarized light. 
Photo 4-16: Coexisting orthopyroxene, clinopyroxene and plagioclase in the 
granulite facies mafic gneiss in the southeastern Lac Joseph Terrane. 









Photo 4-17: Orthopyroxene rimmed by hornblende in the transitional zone 
between amphibolite and granulite facies in the mafic gneiss of the 
southern Lac Joseph Terrane. Plane polarized light. 
Photo 4-18: Coexisting hornblende, plagioclase, epidote and biotite in 











The metamorphic and deformational styles in the granulite facies matic gneiss and 
the pelitic migmatites are comparable and are therefore thought to have formed 
synchronously. It will be established by U-Pb gt'0Chronology (Chapter 6) that the main 
thermotectonic event in the pelitic migmatites occurred during the Labradorian Orog,~ny 
between approximately 1672 and 1611 Ma. It is therefore suggested that the granulite 
facies assemblages of the mafic gneiss were also generated during the Labradorian 
Orogeny and subsequently retrograded during a separate, spatially restricted 
amphibolite-facies event about 330- 391 m.y. later. The granulite facies assemblages 
therefore provide information about P-T conditions during the Labradorian Orogeny 
whereas tht: amphibolite facies assemblages furnish information on the P-T signature of 
a cryptic retrograde event at 1281 Ma. 
4.3.4 RE'IE'vant RE"actions and PE'trogE'nE'tic Grids for tht> 1\latic GnE'isws 
Orthopyroxene is typically generated at the expense of amphibole in metabasitcs 
in a prograde metamorphic sequence. The dependence of amphibole stability on water 
activity, which is not well constrained in the metabasites in this study, precludes 
accurate estimation of quantitative minimum P-T estimates for the tirst appearance of 
orthopyroxene. The relevant orthopyroxene generating reaction: 
hornblende + quartz = orthopyroxene + clinopyroxene + plagioclase + water 
(R4.10) 
has a steep slope in P-T space and is therefore relatively insensitive to pressure ct-anges 
(Fig. 4-12), but its location is dependent on the activity of water. The hornblende -
quartz stability field must have been exceeded during the Labradorian Orogeny. 
4.3.5 Petrogenetic Grids for Pelitic Supracrustal Rocks and Mafic Gneiss, Lac 
Joseph Terrane 
The mineral facies in the interlayered mafic and pelitic gneisses collectively 
constrain the P-T conditions of the Labradorian thermotectonic event. Temperatures 
must have reached the stability fields of: 1) sillimanite- K-feldspar - melt in the pelitic 
migmatites; and 2) orthopyroxene - clinopyroxene - plagioclase in the mafic gneiss. 
However, temperatures must have been below the water activity dependent 
orthopyroxene stability field for pelitic compositions (see Fig. 4-10). The presence of 
P-T GRID SHOWING LOCATIONS OF RELEVANT REACTIONS 
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Figure 4-12: P-T grid of experimentally derived reaction curves at different 
oxygen fugacities; from (1) Spear (1981); (2) Uou et al. (1974); (3) Moody 
et al. (1983) (stability of titanite In the presence of epidote); (4) and 
(5) Apted and Uou (1983). 
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the bathozone 6 assemblage. kyanite- K-feldspar. (Carmichael. 1978) along the 
northerr. and northwestern margins cu;1 around the central tectonic window of the Lac 
Joseph Terrane indicates minimum pr(:ssures of about 8 kbar. However. pressures in 
areas away from the kyanite-bearing samples. although less than this. arc not tightly 
constrained. 
4.4 Granitoid Rocks of the Molson Lake Terrane 
The granitoid rocks of the Molson Lake Terrane are diverse in composition and 
mineral assemblage. However, the poor exposure in most of this terrane. and in areas 
dominated by granitoid rocks in particular, has resulted in a small data set relative to 
the areal extent of the terrane. The greatest variability of mineral assemblages is 
recorded in the southern Molson Lake Terrane where the across-strike width is 
greatest. This region is divided into three metamorphic zones which are bound by 
northerly trending isograds subparallel to the eastern boundary of the terrane (fig. 
4-13); the easternmost isograd is apparently truncated by the Lac Joseph Terrane 
boundary. 
Zone 1. along the eastern margin of the terrane, comprises the most diverse range 
of assemblages of the three zones and predominantly exhibits granoblastic textures with 
variable grain size. The assemblages comprise the following phases in various 
combinations: biotite - muscovite - epidote - plagioclase - quartz ± K-feldspar ± 
chlorite ± hornblende. Muscovite, biotite and locally chlorite typically contribute to the 
single planar S 1M fabric observed in this region. Sharp grain boundaries are ohscrvcd 
between all of the phases present in this assemblage (Photos 4- 18 to 4-21 ), except for 
randomly oriented fine-grained intergrowths of epidote and biotite which locally 
surround hornblende. Locally, randomly oriented chlorite is replacing biotite and is, 
therefore, not considered to be part of the equilibrium assemblage. 
The textures indicate that the coarser grained phases in zone 1 assemblages were 
stable at the time of peak metamorphism. The pervasive granoblastic textures in this 
zone imply that temperatures were sufficient to facilitate pervasive recrystalli7.ation of 
quartz and feldspar after formation of the main fabric (S1M). Late retrogression and 
local metasomatism in a neutral stress environment resulted in the conversion of 
amphibole to biotite and epidote and the chloritization of biotite. 
METAMORPHIC ASSEMBLAGES IN GRANITOID ROCKS 
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Figure 4-13: Distribution of mineral assemblages in the granitoid rocks of the 
southern Molson Lake Terrane. 
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Photo 4-19: Coexisting biotite, epidote and titanite in tonalitic rocks of 
Zone 1 in the southern Molson Lake Terrane. Plane polarized light. 
Photo 4-20: Coexisting biotite, muscovite and epidote in tonalitic rocks of 









Photo 4-21: Coexisting chlorite, epidote and muscovite in tonalitic rocks of 
Zone 1 in the southern Molson Lake Terrane. Cross polarized light. 
Photo 4-22: Coexisting hornblende and biotite in the tonalitic rocks of Zone 











Zone:! comprises the assemblage hornblende - biotite - epidote - plagioclase -
quanz- titanite ± K-feldspar ± hornblende. This zone is chara~tcrizl.-d by 
equigranular. granoblastic textures and all phases in this zone have been ohscrved in 
sharp, mutual contact with no signs of reactions (Photos~-~~ and ~-~3). The 
prevalence of stable. aligned hornblende and the absence of muscovite and ~hloritc 
distinguish this zone irom zone 1. There are no ov.:!rprinting fabrics or mineral 
assemblages between zones I and 2 suggesting that they are both part of a singk 
metamorphic field gradient. rather than zone I being a retrograde equivalent of 10nc 2. 
Assemblages in granitoid rocks in the northern Molson Lake Terrane are identical to 
those in zone 2 indicating that the isograds identified in the southern Molson Lake 
Terrane are truncated by the terrane boundaries at the present surface of erosion. 
The microstructures in zone 2 indicate that all phases were stable at the time of 
metamorphism. The alignment of amphibole and biotite suggests that metamorphism 
occurred under deviatoric stress conditions: the comparable orientation and nature of 
these mineral fabrics with those in zone I suggests that metamorphism and deformation 
in these zones occurred approximately synchronously. Titanite in the wne 2 assemblage 
has yielded a U-Pb age of 995 Ma thereby establishing that the thermotectonic event in 
this terrane was part of the Grenvillian Orogeny (U-Pb data presented in Section 6.4.1 ). 
The westernmost zone 3 is characterized by SCtmples which contain the mineral 
assemblage garnet - clinopyroxene - biotite - plagioclase - quartz - magnetite ± 
K-feldspar. Microstructures are comparable to those in zone 2 but the assemblage 
garnet - clinopyroxene is stable in contrast to hornblende - plagioclase; titanite is 
absent. All phases of the zone 3 assemblage are in sharp. mutual contact (Photo 4-24). 
The single planar fabric s,M is defined by biotite. 
The pervasive granoblastic textures and sharp phase contacts in zone 3 attest to 
thorough recrystallization during tl•e main metamorphic event. The alignment of biotite 
indicates that metamorphic recrystallization was accompanied by regional deformation. 
and the lack of overprinting assemblages across the isograds suggests '.hat they were 
formed during a single thermotectonic event in response to different P-T conditions. 
However, due to the paucity of outcrops in the Molson Lake Terrane, there are few 
exposures close to the postulated locations of the isograds. and it is possible that each of 
Photo 4-23: Coexisting hornblende, biotite and epidote in the tonaJitic rocks 
of Zone 2 in the southern Molson Lake Terrane. Plane polarized light. 
Photo 4-24: Coexisting garnet, clinopyroxene, plagioclase and biotite in the 










the wnes is in fault contact. No metamorphic minerals suitable for U- Pb 
geochronology were identified in zone 3. and so the age of the metamorphism has Ollt 
been established unambiguously. Nevertheless. on the basis of microstructural evidenCl' 
noted above, the single metamorphic episode in zone 3 is correlated with the single 
episode in zones 1 and 2. thus implying that the mineral assemblages of zone 3 arc aiS(l 
of Grenvillian age. 
4.4.1 Mint>ral Cht>mistry of tht> :\(olson Lakt> Tt>rrane Granitoid Rocks 
Microprobe analyses of minerals in granitoid rocks from the Molson Lake Terrane 
was focused on samples from zone 3. the only zone which contains phases suitable for 
both geothermometry and geobarometry. Garnets. biotite. clinopyroxt:ne and 
plagioclase were analyzed. 
4.4.1.1 Garnt>t 
Garnets in zone 3 vary in Mg/(Mg+Fe)ratio from .17 to .52 (X""' from .36 to 
.63 and XPYR from . 13 to A3; Fig. 4-14a). Fe and Mg are negatively correlated 
whereas the spessanine and grossular contents arc relatively low and are not correlated 
with XAIM or XPYR<XsPt~"~ = .002 to . I (Fig. 4-14b) and XnRos = .13 to .23 <Fig. 4-15)) . 
4.4.1.2 Biotitt> 
Mg/(Mg+Fe) ratios in biotite in this zone range between .52 and .66 (Fig . 4-ltl) 
and are positively correlated with the Mg/(Mg +Fe) ratios in coexisting garnet (Fig. 
4-17) in the two samples which contain both phases. AI" varies between 0 .02 and . 17. 
indicating locally significant substitution of Al6 for Mg and Fe. 
4.4.1.3 Clinopyroxene 
Compositions of clinopyroxenes in terms of the four quadrilateral components arc 
shown in Fig. 4-18, a modified (opened up) quadrilateral diagram. Most clinopyroJtencs 
are diopsides following the terminology of Deer et al. ( 1966). However, there arc 
significant non-quadrilateral components in most of the analyses. These were calculated 
according to the following scheme: Na and AI were allocated equally to the M I and M2 
sites respectively to create jadeite until one was depleted. This method of preferentially 
calculating jadeite. rather than acmite as suggested by Lindsley (1983) . is preferred in 
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Figure 4-14: Compositional variation of garnets in the clinopyroxene-bearing 
granitoid rocks in the southwest Molson Lake Terrane. Analyses for 
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Figure 4-15: Compositional variation of garnet from the clinopyroxene-bearing 
granitoid rocks of the southwest Molson Lake Terrane. Analyses for 
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Figure 4-16: Compositional variation of biotite in the clinopyroxene-bearing 
granitoid rocks of the southwest Molson Lake Terrane. Analyses for 







Figure 4-17: Compositional variation of co-existing garnet-biotite in the 
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Figure 4-18: Composition of clinopyroxene in the granitoid rocks of the 
southwestern Molson Lake Terrane displayed on a modified pyroxene 
quadrilateral plot ( the pyroxene quadrilateral has been opened up and 
plotted on a rectangular diagram). Analyses for each sample in 
Appendix 2. 
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Lake Terrane. Any remaining Na in Ml was coupled with Fe•1 in M~ to create acmite, 
any remaining AI in M2 was coupled with Ca to create Ca Tschermakite. The 
remaining Ca was then allocated to diopside-hedenbergite in proportion to the 
remaining Fe:Mg ratio for the mineral. Any excess Mg and Fe is assumed to occur as 
orthopyroxene with the enstatite-ferrosilite ratio equal to that of diopside:hedenbergite. 
Following this scheme, orthopyroxene comprises between 0 and . 1 molecules per 
formula unit with the remaining clinopyroxene component comprising diopsidc (.46 to 
.68), hedenbergtte (.13 to .33) and jadeite (.05 to .13). The mole fractions of acmite 
and Ca Tschermakite vary between 0 and .02. The very low amounts of acmite suggests 
that Fe•3 in clinopyroxene is not significant. 
The range of Ca:Fe+ Mg ratios for coexisting ferromagnesian minerals is shown 
on an ACF diagram in Figure 4-19. 
4.4.1.4 Plagioclase 
Plagioclase compositions in zone 3 of the southern Molson Lake Terrane vary 
between approximately An 1s and Ans1 (Fig. 4-20). Orthoclase contents are typically less 
than 2%. Deviations from the condition XCa+XNa= I required for charge balance are 
attributed principally to errors in N~O analyses. This is thought to be a consequence of 
significantly differing amounts of N~O between the calibrated microprobe standards 
and the unknowns and, therefore, a long extrapolation in the conversion of counts per 
second to weight percent. However, since XCa is the significant unknown in 
plagioclase for geobarometry, the potential error in Nap analyses is not critical for the 
present purposes. 
4.4.2 Petrogenetic Grids and Implications for Metamorphism of thf' Granitoid 
Rocks of the Molson Lake Terrane 
The assemblages observed in the granitoid rocks of the Molson Lake Terrane do 
not precisely constrain the P-T conditions during metamorphism. However, the 
interpretation that the changes in mineral assemblages across the Molson Lake Terrane 
are due to a single thermal event may broadly constrain the metamorphic field gradient. 
This interpretation does not exclude the possibility that the metamorphic zones of the 







Figure 4-19: Compositional variations of co-existing PLG-CPX-GNT in the 
southwest Molson Lake Terrane plotted on an ACF diagram (note that 
pyroxenes contain up to 13% jadeite which cannot be plotted on this 
diagram; plagioclase is plotted as pure anorthite). Not corrected for 
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Figure 4-20: Compositional variation of plagioclase in clinopyroxene-bearing 
granitoid rocks of the southwestern Molson Lake Terrane. Analyses from 
each sample in Appendix 2. 
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The common occurrence of the assemblage plagioclase - epidote - muscovite -
biotite and the local occurrence of syntectonic chlorite in zone I implies that P-T 
conditions in this zone must have predominantly been in greenschist facies. The local 
occurrence of hornblende in this zone implies that the temperature must have locally 
exceeded the lower limits of the hornblende stability field. Zone 2 in the southern 
Molson Lake Terrane and the assemblages in all of the northern Molson Lake Terrane 
are characterized by the presence of epidote, plagioclase (approximately An 17) and 
hornblende in rocks of appropriate compositions, and therefore may be assigned to the 
epidote-amphibolite facies. 
Mineral assemblages in zone 3 contain coexisting garnet, clinopyroxene and 
quartz. The model reaction in the CMAS system: 
111 
hornblende + plagioclase = clinopyroxene + garnet + quartz (R4.11) 
occurs at elevated pressures and is relatively insensitive to temperature (Fig. 4-21, 
Wells, 1979), and so the assemblage clinopyroxene, garnet and quartz may be taken as 
a qualitative indicator of relatively high pressures during metamorphism. The presence 
of a significant amount of jadeite component in clinopyroxene provides independent 
confirmation of this interpretation (Holland, 1980). Using the GEOCALC software of 
Berman et al . (1987), the position of the equilibrium boundary for the reaction: 
albite= jadeite+ quartz (R4. 12) 
has been calculated for Jd10 and A b., the approximate compositions of these two phases 
in samples JNC-86-403 and 424 from zone 3 of the southern Molson Lake Terrane, and 
are plotted in Figure 4-22. If the metamorphic field gradient is approximately 
continuous across the southern Molson Lake Terrane, the temperatures in zone 3 must 
have been about the same or higher than those in the adjacent epidote-amphibolite facies 
zone 2, shown on Figure 4-22. The position of reaction R4-12 for the specified 
composition in Figure 4-22, combined with this minimum temperature estimate, 
requires that pressures in the southern Molson Lake Terrane must have been in excess 
of 8 kbar during the recrystallization event. This indication of elevated pressures is in 
qualitative agreement with the evidence of high pressures indicated by the assemblage 
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Figure 4-21: Model reactions In the Cao • Mgo - Al20 - Si02 - H20 system, 
after Wells (1979). 
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Figure 4-22: Minimum pressure estimate for the southwest Molson 
Lake Terrane as constrained by the reaction J'B85 = JD15 + QTZ 
and the epidote- amphibolite facies stability field. (1) and (2) -
Apted and Uou ( 1983). 
11 J 
i l ·· 
The mineral assemblages in the three zones of the southern Molson Lake Terrane 
are interpreted to be a result of a single metamorphism during the Grenvillian Orogeny . 
The transition from greenschist facies along the eastern margin through 
epidote-amphibolite facies into garnet - clinopyroxene - quartz asS(!mblagcs in the west 
reflects a temperature and pressure increase from east to west. The lack of detailed 
calibrated petrogenetic grids suitable for granodioritic-tonalitic compositions pn .. -cludc:s 
the quantification of these P-T variations across the terrane on the basis of pctrogcncuc 
grids. The northern Molson Lake Terrane experienced epidote-amphiholitc conditions. 
comparable to zone 2 of the southern Molson Lake Terrane. 
4.5 The Shabogamo Intrusin Suite: Molson Lake Tt>rrane 
The gabbroic rocks of the Molson Lake Terrane are extensively rccrystalli1ed and 
most exhibit coronitic textures. which as noted previously , may be divided into thn..."C 
groups on the basis of the corona mineralogy. The areal distributions of these groups 
mutually overlap, suggesting that the coronas did not develop primarily as a function of 
the regional di fferences in P-T conditions. The corona mineralogics and possible 
reactions leading to their formation are discussed brietly below. 
4.5.1 Group I -Amphibole Coronas on Clinopyroxene 
Group 1 coronas are charac1erized by the presence of amphibole rims around 
clinopyroxene and biotite and by the absence of garnet and orthopyroxene in the 
coronas (Fig. 4-23a). This group does not contain orthopyroxene. The amphibole is 
commonly poikiloblastic, containing up to 10% by volume inclusions of quam, 
especially where it rims clinopyroxerie. Riotite is commonly rimmed by amphibole 
which displays darker green pleochroism than the blue-green pleochroism of amphibole 
that surrounds clinopyroxene. Bioti te is spatially related to ilmenite and commonly 
defines a planar tectonic fabric suggesting syntectonic growth. Metamorphic garnet is 
present as a minor disseminated phase and is not spatially related to the coronas. 
4.5.2 Group 2- Amphibole- Garnet Coronas on ClinopyroxPne 
Group 2 coronas are characterized by a double corona on clinopyroxene consisting 
of an inner rim of amphibole and an outer rim of garnet (Figure 4-23b). Commonly 
there is a narrow moat (< . I mm) of plagioclase between the amphibole and garnet 
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Figure 4-23: Corona textures in the Shabogamo Intrusive Suite in the Molson Lake 
Terrane. 
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rims. The garnet varies in texture from granular to a symplectic intergrowth with 
opaque phases and clinopyroxene inclusions. Locally amphibole is not present and 
clinopyroxene and garnet are separated only by a plagioclase moat which is wider than 
in samples where the amphibole is present. Biotite is commonly rimmed by amphtbolc:. 
In spite of the high degree of recrystallization throughout much of this group. corona 
textures are well defined. Quartz is locally present as inclusions in poikiloblastic 
amphibole. As in the other two subgroups, ilmenite commonly cores clusters of biotite 
and associated amphibole. 
4.5.3 Group 3- Garnet Coronas on Clinopyroxene 
Group 3 coronas are distinguished from the other groups by the absence of 
amphibole in the corona and by the garnet rim around clinopyroxene, with the two 
phases typically being separated by a narrow moat of plagioclase (Fig. 4-23c) . Relict 
igneous olivine and orthopyroxene are still present, in proportions typically subordinate 
to clinopyroxene, such that this group ranges in composition from metagabbro to 
metagabbronorite. Olivines are locally rimmed by fibrous orthopyroxene. 
Recrystallized igneous plagioclase outside the garnet corona contains abundant 
corundum platelets. Amphibole is spatially associated with, and may locally rim, 
clinopyroxene, but is generally not part of the corona structure. Amphibole and 
associated biotite are spatially associated with igneous ilmenite. 
4.5.4 Corona Reactions in the Shabogamo Intrusive Suite 
4.5.4.1 Group 1 Reactions 
The textures observed in Group I were probably formed by partial reaction between 
clinopyroxene and adjacent plagioclase in the presence of a fluid to form rims of 
amphibole. This may have been achieved by the hydration reaction proposed by Rivers 
and Mengel (1988) for coronas in gabbros of the Shabogamo Intrusive Suite in the 
northern part of the study area: 
clinopyroxene + plagioclase + H20 = amphibole + quartz (R4.13). 
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A few samples in Group 1 eltperienced nearly complete recrystallization with the 
result that plagioclase, green-brown amphibole, garnet, quartz and relict clinopyroxene 
elthibit an equigranular, granoblastic texture. This assemblage is representative of the 
amphibolite facies. 
4.5.4.2 Group 2 Reactions 
The reaction(s) leading to the formation of double coronas in Group 2 is more 
enigmatic than that for the single corona of Group 1. The sequence of mineral growth 
can only be inferred through eumination of phase relationships in individual thin 
sections and consideration of the transitional relationships between groups. The inner 
corona of amphibole appears to have developed at the eltpense of clinopyroxene and 
plagioclase, in a manner similar to the proposed reaction for the Group 1 coronas (see 
reaction R4.13). The development of the outer corona of garnet ±clinopyroxene has 
apparently been at the expense of the amphibole inner corona and matrix plagioclase in 
the reaction: 
amphibole (pargasite) + anonhite + quanz = 
garnet + diopside +albite + Hp (R4-14) . 
The moat of plagioclase may have been produced from the breakdown of clinopyroxene 
- garnet - quartz upon decompression by reaction R4-11. 
4.5.4.3 Group 3 Reactions 
The presence of delicate rims of garnet between relict ophitic clinopyroxene and 
plagioclase laths in Group 3 coronas suggests that, in at least some samples, garnet 
formed as a product of the breakdown of igneous clinopyroxene. In other samples, the 
absence of amphibole may be attributed to the completion of amphibole consuming 
reactions which produced garnet (R4-14). The reaction leading to the production of 
garnet directly from clinopyroxene may be represented by: 
clinopyroxene + anonhite + quartz = garnet + albite (R4.15) 
(from Rivers and Mengel, 1988). 
The presence of significant jadeite in clinopyroxene in the southern Molson Lake 
Terrane suggests that jadeite and quartz would replace albite in reaction R4-l4 in areas 
of higher pressure. 
liS 
4.5.5 Origin of the Coranitic Textures in the Shabogamo lntrusin Suite 
The distribution of the aforementioned coronitic textures are not spatially 
correlated with the established metamorphic field gradient in th~ Molson Lake Terrane 
(this study. Rivers and Mengel. 1989). This strongly suggests that the development of 
the coronitic textures was a function of post-solidus cooling reactions rather than the 
metamorphic events responsible for the field gradient identified in the granitoid rocks of 
the Molson Lake Terrane. 
4.6 Summary 
The mineral facies in the supracrustal rocks of the Lac Joseph Terrane indicate 
that upper amphibolite to granulite facies metamorphism prevailed during the 
Labradorian Orogeny throughout this terrane. Kyanite-K-feldspar co-existing in rocks 
in the central region and along the northern margin of the Lac Joseph Terrane indicate 
that these areas experienced pressures above 8 kbar. Labradorian assemblages within 
the mafic gneisses are locally retrogressed during a cryptic event at 1281 Ma while 
pelitic migmatites near granitic intrusions and along the southwest margin were locally 
overprinted by muscovite. 
Mineral facies in granitoid rocks in the southern Molson Lake Terrane are 
interpreted to have formed during the Grenvillian Orogeny and indicate increasing 
pressures and temperatures from east-southeast to west-northwest. Granitoid rocks in 
the northern region of the Molson Lake Terrane contains a single mineral facies, 
equivalent to the central zone of the southern Molson Lake Terrane. The presence of a 
garnet-clinopyroxene-quartz assemblage and a significant jadeite component in 
clinopyroxene indicate high pressures dorr.inated during metamorphism in the 





In order to quantify the metamorphic conditions of the Lac Joseph and Molson Lake 
terranes, P-T estimates were calculated utilizing several published geothermometric and 
geobarometric calibrations. Mineral analyses were performed on a Jeol JXA-50A 
wavelength dispersive electron microprobe at the Department of Earth Sciences, 
Memorial University, using the correction procedure outlined by Bence and Albee 
(1968). Natural standards were used for calibration and Fe·2 is assumed to equal ferorAL 
(see Appendix 4 for discussion of this assumption). Pressures and temperatures were 
calculated utilizing a computer program written by F.C. Mengel, which incorporates 
recent calibrations for a range of geothermometers and geobarometers. Appendix 3 
contains sample calculations for mineral formulas, and for the geothermometers and 
geobarometers utilized in this study. Errors on the geothermobarometric estimates are 
discussed in Appendix 4. Discussions concerning thermobarometric techniques and 
their limitations are ba~ed on Mengel (1987, Appendix 4) and Essene (1989). 
Samples for geothermobarometry were chosen on the basis of their mineral 
assemblages so that both pressure and temperature could be determined from a single 
outcrop. All minerals were analyzed at the core and near the rim to establish chemical 
variations within each phase. Activities (a) of components in solid substitution series 
were calculated from measured cation concentrations utilizing appropriate mixing 
models (see Appendix 3 for details and examples). Activities were combined in Vant 
Hoff expressions to determine the equilibrium constant (K) for the reactions of the type: 
such that 
The equilibrium constant (K) is related to pressure (P) and tem~rature (T) by the 
generalized expression: 
~C= .~/1-T .\S•P . \l •Rilnl\. Eq.5.~ 
where G =Gibbs free energy, H =enthalpy. S =entropy. V =molar volume and R =gas 
constant. At equilibrium. the condition that \G =0 is satisfied and the equatiL·'l may be 
rearranged to isolate either PorT. Since there is only one equation and two unknowns 
(P and T), a unique solution is not possible. However, by solving for different values of 
PorT, a line of constant K, or K isopleths, in P-T space can be obtained which 
represents the possible pressures and corresponding temperatures at which the maneral 
assemblage could have equilibrated. 
Geothermometers are generally based on exchange reactions in which two 
elements of similar size and charge are partitioned between two mineral phases. 
Exchange reactions inherent:y have very small volume changes, so that K is 
predominantly controlled by temperature; lines of constant K therefore have a steep 
positive slope in P-T space. 
Geobarometers are based on net transfer reactions where a phase or phases break 
down over a range of P-T conditions to form a new phase assemblage. Since these 
reactions typically involve substantial volume changes the lines of constant K are more 
pressure dependent than for exchange reactions and have a gently positive slope in P-T 
space. 
For a sample containing both a geothermometric and geobarometric assemblage, a 
unique pressure and temperature may be estimated by the intersection of K isopleths for 
each reaction; this will be referred to as the "intersection pressure- temperature 
estimate". The data portrayed in figures displaying intersection pressure - temperature 
estimates are bounded by a rhombohedra in P-T space. The sides of the rhombohedra 
are parallel to the slopes of the K isopleth for the geothermometcr and geobarometer 
utilized are bound all the data in that tigure. 
In order for the pressures and temperatures estimated by this method to be 
geologically significant, several conditions must be simultaneously satisfied. Firstly, 
there must have been chemical equilibrium between each phase at the time that they 
ceased to react. This requires that the sites in the phases analyzed for a particular 
calibration were in mutual chemical communication, and that they formed under the 
same P-T-X conditions. In this study, in order to maximize the probability that this 
condition was satisfied, compositions of cores of coexisting grains were utilized in 
some calculations and rim compositions were used in others. 
121 
The second condition is that the chemistry of phases utilized in a geothermometric 
or geobarometric calibration was not altered by subsequent reactions. Careful 
petrographic work has been employed in this study to identify reactions which occurred 
subsequent to the metamorphic peak, but it is acknowledged that textural arguments in 
general cannot prove the former existence of equilibrium, they can at best only provide 
permissive evidence that it may have occurred. 
Since aP-T estimate is dependent on both the geothermometer and geobarometer, 
a third critical assumption requires that both the thermometric and barometric 
assemblages equilibrated at about the same time. It they did not, the P-T point will not 
lie on the real P-T path, and will, therefore, be an artifact of the computation. This 
assumption is particularly critical in the present study in which there is the possibility of 
two superposed metamorphic events of qoite different age and P-T conditions. 
Independent arguments must be used to establish that the thermometric and barometric 
equilibria were operative at about the same time. In this study, this has been achieved 
by use of relative and absolute chronology. 
5.2 Lac Joseph Terrane 
Geothermobarometry of samples from the Lac Joseph Terrane concentrated on 
strategic areas with sufficient outcrop; this has resulted in an uneven distribution of 
samples across the terrane (Fig. 5-1). For the sake of presenting the P-T results, the 
Lac Joseph Terrane is divided into five domains; the southern, central, northeastern, 
northwestern and western domains (Fig. 5-1). Several of these domains exhibit 
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Figure 5-1 : Locations of samples and domains utilized for 




evidence which suggest~ that chemical equilibrium was attained, and are discussed 
before the results from the central and western domains, in which there is considerable 
evidence for local disequilibria. 
The sillimanite -garnet- biotite - quartz- K-feldspar- plagioclase - magnetite 
assemblage in pelitic migmatites of the Lac Joseph Terrane is suitable for the use of a 
garnet-biotite geothermometer, which is based on the exchange reaction: 
almandine + phlogopite = pyrope + annite. R5.1 
Ft;AI2Si30 12 KMg3AISip10(0H)2 Mg3Al2Si30 12 KF~A1Si3010(0Hh 
The calculations in this study utilized the calibration of Ferry and Spear (1978) which is 
expressed by the equation: 
T = (2089 + 9.56P)/(In K + 0.00782) Eq.5.2 
where Tis in oc and Pis in bar. K is calculated assuming ideal mixing. Ferry and 
Spear (1978) suggested that this calibration is suitable for garnets with 
Ca+Mn/Ca+Mn+Fe+Mg < .2 and for biotites with AI6+Ti/AI6+Ti+Fe+Mg < 
.2, since non-ideal solid solution behavior is more pronounced outside these ranges. 
Since most of the garnets and biotites fall within these prescribed limits, Ferry and 
Spear's (1978) calibration is used throughout this study. 
Temperature estimates from the garnet-biotite thermometer were combined with 
the garnet- anorthite -garnet- quartz (GASP) geobarometer, which is based on the net 
transfer reaction: 
3 anorthite = garnet + 2 Al-silicate + quartz R5.5 
CaAI2Sip8 Ca3Al3Si30 12 AI2Si05 Si02 • 
Initially proposed by Ghent (1976) using simplified mixing models, subsequent 
formulations have involved more realistic mixing models for garnet and plagioclase 
(Ghent et al., 1979; Newton and Haselton, 1981; Hodges and Royden, 1984; Koziol 
and Newton, 1988). This study utilizes Newton and Haselton's (1981) calibration which 
assumes all Margules parameters are zero except for W cut, in garnet, which is 
calculated as 3300- 1.5T°K joules (Haselton and Newton, 1980). The activity 
coefficient for grossular is calculated from Ganguly and Kennedy (1974). The partial 
molar volume for grossular is calculated as a weighted average of Haselton and 
Newton's (1980) and Cressey et al . 's (1978) volume calibration of grossular diluted in 
pyropc and almandine respectively. The activity of anorthite in plagioclase is calculated 
from Newton et al. (1980), based on Kerrick and Darken's (1975) "At-avoidance" 
model. 
The garnets chosen for analysis in this study were those which exhibit syntectonic 
microstructures, having aligned sillimanite inclusions parallel to the fabric defined by 
sillimanite and biotite, which wraps around the garnets (e.g. Photo 4-3). The biotite 
grains lie in the main tectonic fabric; those showing signs of static recrystallization or 
alignment with the later F2J fold axial plane were not analyzed. Plagioclase and quartz 
were present as granular aggregates of variable grain size. 
5.2.1 Results: Lac Joseph Terrane 
5.2.1.1 Southern Lac Joseph Terrane 
Pressure estimates (39) from eight samples of pelitic migmatite in the southern 
part of the Lac Joseph Terrane lie in the range from 2 to 6 kbar (Fig. 5-2) with six 
outliers from two samples between 6 and 8 kbar. Temperatures typically range from 
575 to soooc with two estimates around 850°C. P-T determinations calculated from 
core analyses are typically higher than those from rim analyses suggesting, 
decompression and thermal relaxation with time. Utilizing the 500°C - 3.8 kbar 
aluminosilicate triple point and stability fields of Holdaway (1971), these P-T estimates 
are consistent with the presence of sillimanite, the aluminosilicate phase present in the 
migmatite restite. The estimates from this area represent the lowest pressure estimates 
from restite assemblages in migmatites of the Lac Joseph Terrane. The slopes of the 
lines connecting core and rim P-T estimates (P-T vectors, Mengel and Rivers, 1989) 
are variable but, in general, show a decompression-cooling path which is approximately 
parallel to the kyanite- sillimanite equilibrium boundary. 
5.2.1.2 Northeastern Lac Joseph Terrane 
Pressure estimates in the northeastern domain of the Lac Joseph Terrane arc 
higher than those in the southern domain, but temperatures are comparable. Pressures 
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Figure 5·2: P-T estimates from the pelitic migmatites in the southern Lac 
Joseph Terrane. T: GNT-810; P: GNT-SILL-PLG-QTZ. 
125 
range from 4 to 8 kbar with one pair of core and rim analyses between 8.5 and Q.5 kbar 
(Fig. 5-3). The higher pressure estimates are within the kyanite stability field, 
compatible with the recent discovery of kyanite occurrences in pelitic migmatites along 
the northeastern margin of the Lac Joseph Terrane (James et al., I 991 ). Temperatures 
range between 600 and 775°C with the majority between 600 and 700°C. The slope of 
most of the P-T vectors connecting core-rim P-T estimates are comparable to those in 
the southern domain being approximately parallel to the kyanite-sillimanite ~uilibrium 
boundary. Two pairs of analyses show higher pressures for the rim analyses than for 
the cores. possibly due to localized disequilibrium considering the rather consistent 
decompression-cooling trends for the remainder of the samples. Two of the four 
samples are mylonitized sillimanite-bearing migmatite from the margin of the Lac 
Joseph Terrane. The mylonites yield similar P-T estimates to unmyloniti1ed samples. 
compatible with the suggestion that mylonitization occurred synchronously with the 
regional metamorphic event which produced the sillimanite - garnet - biotite - magnetite 
assemblage throughout the Lac Joseph Terrane (see also Sections 3.2.1.3 and 6.5 for 
further discussions). 
5.2.1.3 Northwestern Lac Joseph Terrane 
Pressures in the nonhwestern part of the Lac Joseph Terrane are constrained 
between 6 and 10 kbar with temperatures ranging from 700 to 850°C (Fig. 5-4). Only 
one core-rim pair yielded P-T estimates which are higher from analyses of rims than 
those for cores. As in the northeastern part of the Lac Joseph Terrane, a mylonitized 
sample (JNC-87-5016) yielded similar P-T estimates to those for unmylonitized 
samples. 
Comparisons with the northeastern domain show that although the intersection 
pressure estimates from samples in the nonhwestern region tend to be higher than in the 
nonheastern area. values of K for the geobarometer overlap. The difference between 
intersection pressure estimates in the northwestern and northeastern domains are 
therefore a function of higher K values for the geothermometer. However, K values for 
the GASP geobarometer in the northwestern domain are typically larger than those 
from the southern domain. Although the samples utilized for geothermometers did not 
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Figure 5-3: P-T estimates from the pelitic migmatites In the northeastern Lac 
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Figure 5-4: P-T estimates from the pelitic migmatites In the northwestern Lac 
Joseph Terrane. T: GNT-810; P: GNT-SIL-PLG-OTZ. 
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contain kyanite themselvt.s, the higher pressure estimates in the northwestern domain 
are consistent with the observed presence of coexisting kyanite - K-feldspar in other 
samples collected from the northern and western margins (this study, James et al., 
1991). 
5.2.2 Significance or Equilibrium Thennobarometric Results 
129 
The utilization of a single geothermometer and geobarometer for all P-T estimates 
across the terrane results in an internally consistent data base. Thus, even if different 
calibrations had been chosen, the relative differences between the P-T estimates 
presented here would be unlikely to change significantly (although the absolute values 
of the estimates could change). 
The clustering of the majority of the P-T estimates in each domain of the Lac 
Joseph Terrane, in conjunction with the equilibrium textures and mineral assemblages, 
suggests that the proposed exchange and net transfer reactions ceased in most samples 
while all phases were in or close to equilibrium. The geothermobarometric work thus 
provides information about the P-T histcry of an individual point or sample and shows 
differences in P-T conditions between domains. 
The weak Fe-Mg zoning patterns in most garnets are typical of retrogression or 
diffusion that occurs during evolving metamorphic conditions after the peak 
metamorphic temperature; this zonation is evident in the different K values calculated 
using core and rim analyses. The typical lack of Ca zoning in the garnet and 
plagioclase. the two phases used for the GASP geobarometer, translates into K values 
which are similar for both core and rim analyses. The cooling - decompression paths 
established by P-T vectors from core and rim are therefore controlled primarily by the 
different isopleths of K from geothermometry. This indicates that 
cooling-decompression paths must have been approximately parallel to the isopleths of 
constant K for the GASP net transfer reaction. 
Comparisons of P-T estimates between domains in the Lac Joseph Terrane 
indicate that although samples from the northeastern domain yield higher intersection 
pressure estimates than those from the northwestern region, the K isopleths from the 
two domains overlap. The difference between intersection pressure estimates in the 
northwestern and nonheastem domains are therefore a function of higher K values for 
the geothermometer. However, K values for the GASP geothermometcr in both the 
northern domains are typically higher than those from the southern domain indicating 
that the higher pressure estimates are independent of the geothermometry results . 
Higher pressure estimates in the nonhwestem domain are consistent with the observed 
presence of coexisting kyanite- K-feldspar along the nonhem and western margins. 
Since the assemblages utilized for geothermobarometry equilibrated during the 
Labradorian Orogeny, ~:.e increase in pressure towards the nonhwest must therefore 
reflect an increase in the exposure of the Labradorian paleodepth towards the 
l Ill 
nonhwest. This is compatible with the interpretation of nonhwesterly directed thrusting 
of the Lac Joseph Terrane over the Molson Lake Terrane during the Grenvillian 
Orogeny (as discussed in Section 3.4) resulting in exhumation of deeper crustal levels at 
the leading edge of the Lac Joseph Terrane along frontal ramps. The pressure gradient 
in the Lac Joseph Terrane, although exhumed during the Grenvillian Orogeny. is, 
therefore, a feature of the Labradorian Orogeny. 
5.2.3 Evidence of Disequilibrium in the Migmatites of the Lac Joseph Terrane 
Although the majority of estimates from samples from the Lac Joseph Terrane 
yielded consistent press·Jres and temperatures, about 40% of them yielded highly erratic 
P-T estimates in a single sample, P-T vectors indicating increasing pressures and 
temperatures from core to rim and/or P-T estimates inconsistent with those from 
surrounding samples. For some samples this may be due to the presence of relict 
growth zoning in garnet. Samples which yield inconsistent P-T results are discussed 
below. 
5.2.3.1 Northeastern Domain 
Sample JNC-87-7053, collected in the nonheastem domain of the Lac Joseph 
Terrane within 4 km of the Ossokmanuan Mountain Intrusive Suite, yielded results 
distinct from the other samples of this domain (Fig. 5-5). Two of three rim analyses 
yielded K isopleths which plotted at higher pressures in P-T space than the 
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Figure 5·5: P-T estimates from sample JNC-87-7053, a pelitic migmatite from the 
the northeastern Lac Joseph Terrane. T: GNT-BIO; P: GNT-SIL-PLG-QTZ. 
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corresponding core analyses. All garnets show retrograde zoning of Mg and Fe. but 
yield a larger range of K isopleths than for any other single sample in this domain. This 
large variation of K isopleths results in intersection P-T estimates which range from 5.J 
kbar to 9.9 kbar and between 575° and 825°C respectively. Ra.:ner than accepting the~ 
P-T estimates as reflecting anomalous temperature variations and cooling paths. it is 
suggested that mineral compositions may have been disturbed by heat transferred into 
the country rocks by the basic ir!rusion. Since the K isoplcths for the GASP 
geobarometer have a significant slope in P-T space, the large variability of K for the 
thermometer in this sample controls the intersection P-T estimates. This is compatible 
with a disturbance of the minerai cbemistries resulting from a thermal anomaly. after 
peak metamorphism, due to tt.~; <i•:!jacent basic intrusion. 
5.2.3.2 Western Domain 
All samples but one collected along the shores of Ashuanipi Lake yielded P-T 
estimates which were inconsistent. both between and within samples, and appeared 
unreasonable in comparison with those from the other domains in the Lac Joseph 
Terrane. Pressure estimates for samples within 10 km of each other ranged from 5 to 
18 kbar, with temperatures betwt-en 700 and 940°C (Fig. 5-6). Several rim analyses 
yielded K isopleths which plotted at higher pressures than the corresponding core 
analyses. Fe-Mg zoning in garnet is retrograde in most cases, but much more 
pronounced than is typical for other samples of the Lac Joseph 1 crrane. 
These enatic results are attributed to a thermal event, subsequent to the regional 
metamorphism, which affected the Fe-Mg distribution of garnet and biotite and Ca 
content of plagioclase and garnet but did not result in complete re-equilibration of the 
sample. As will be argued later. this event may have been related to the emplacement 
of the Lac Joseph Terrane over the Molson Lake Terrane during the Grenvillian 
Orogeny. 
5.2.3.3 Central Domain 
Two samples from locality 8088 and one sample from locality 8068 in the Lac 
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Figure 5-6: P-T estimates from pelitic migmatites in western Lac Joseph 
Terrane. T: GNT-810; P: GNT-SIL-PLG-OTZ. 
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and 2-14 kbar within a single sample (Fig. 5-7). As with the Ashuanipi Lake area of tht: 
Lac Joseph Terrane, thi.- region is thought to have been affected by a thermal event 
after the Labradorian metamorphism during which the mineral assemblages formed . 
5.2.3.4 Summary of Di~quilibrium As~mblagt>s in tht Lar Jostph Tt>rrant> 
Aside from a single sample which was collected next to a major basic intrusive 
complex, evidence of disequilibrium in pelitic migmatites in the Lac Joseph Terrane is 
attributed to a late thermal event which was restricted to the base of the terrane 
(recalling that there is interpreted to be a tectonic window in the Lac Joseph area of tht: 
central Lac Joseph Terrane). Disequilibrium is interpreted to be due to partial 
re-equilibrium which occurred as the Lac Joseph Terr.'Ule was emplaced over the 
Molson Lake Terrane in the Grenvillian Orogeny. There is evidence from a single 
sample of a thermal disturbance in the Lac Joseph Terrane during a cryptic event at ca. 
1281 Ma (see Secticns 6. 9 and 7 . ~ . 1); this event may also have contributed to the 
disequilibrium presently observed in these sample5. 
5.3 Molson Lakl· Terrane 
Both the granitoid and gabbroic rocks in the Molson Lake Terrane contain 
assemblages which are suitable for geothermometry and geobarometry. Although garnet 
and biotite are common in many of the granitoid rocks in the Molson Lake Terrane, 
only assemblages with clinopyroxene also permit pressure determinations to be made, 
and so these wert: the only ones utilized. 
The temperature estimates for the granitoid rocks are based on the garnet-biotite 
geothermometer of Ferry and Spear (1978) and the Fe-Mg exchange reaction between 
garnet and clinopyroxene wf"tich is based on the reaction: 
almandine + diopside = pyrope + hedenbergite R5.3. 
In this study, the calibration of Ellis and Green (1979) was used; these authors 
demonstrated experimentally that the partitioning of Fe and Mg between garnet and 
clinopyroxene is il'lfluenced by theCa content of garnet. This non-ideality in mixing is 
accounted for in the expression: 
T = (3104XC• + 3030 + 10.86P)/In K + 1.9034) r.:.q .5 .4 
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Core (c) and rim (r) indicated where P-T estimates from rim 
analyses are higher than those from cores. L_ __________________________________ ~ 
1100 
Figure 5-7: P-T estimates from pelitic migmatites in the lac Joseph region In 
the Lac Joseph Terrane. T: GNT-810; P: GNT-SIL-PLG-OTZ. 
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where xc•=Ca/Ca+Mg+Fe in garnet, K=(Xr/X~1c)antf(X,/X\1c)' "' · Tis in °C and pIS 
in bars. 
Tie geobarometer used in this terrane is based on the net transfer reaction: 
anorthite + diopside = 2/3 pyrope + 1/3 grossular + quartz R5.4. 
The calibration of Newton and Perkins ( 1982) was employed in this study; the 
equilibrium expression is: 
P = 675 + 17.179T + 3.5962lnK Eq.5.5 
where K=[(aPY')(ar•o)l]/[(aon)(adi)], Tis in oc and Pis in bars. The activity of diopsidc 
in clinopyroxene is calculated according to the ideal two-site mixing model Qf Wood 
and Banno (1973). The activity of anorthite in plagioclase is again calculated following 
the At-avoidance model of Kerrick and Darken (1975) using the activity coefficient 
expression of Newton et al. ( 1980). Ca-Mg interaction in garnet is accounted for by 
Haselton and Newton's (1980) expression for the Margulcs interaction parameter, 
Wc.Ma = 3300- 1.5oK joules, incorporated in Ganguly and Kennedy's ( 1974) 
expression for activity coefficients for three-component garnet. 
5.3.1 Results: Molson Lake Terrane 
Only two domains in the Molson Lake Terrane contain assemblages which arc 
suitable for both geothermometry and geobarometry (Fig. 5·8). The southern domain 
contains garnet-clinopyroxene-biotite-bearing assemblages occurring in tonalitic 
protoliths. These rocks are strongly foliated and exhibit a granoblastic texture with no 
evidence of later retrogression . The second domain occurs further north between 
Wabush Lake and Ross Bay Junction where gabbroic rocks contain garnet, 
clinopyroxene, biotite, amphibole, plagioclase and quartz. Samples collected for 
geothermobarometry have undergone partial retrogression according to the reaction : 
garnet +clinopyroxene = hornblende + plagioclase + quartz R5.5. 
5.3.1.1 Southern Domain of the !\folson Lake Tfrrane 
As previously discussed in Section 4.4 , the metamorphic grade in southern 
Molson Lake Terrane varies from upper-greenschist facies at the margin of the Lac 
Joseph Terrlllle, through plagioclase - hornblende - epidote assemblages to garnet -
Northern Domain 
(Ross Bay Area) 
Figure 5-8: Location map of samples utilized for geothermobarometry in the 
Molson Lake Terrane. 
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clinopyroxene -quartz assemblages in the west. in which clinopyroxene contains a 
significant jadeite component. The garnet - clinopyroxene - plagioclase - quartz 
geobarometer of Newton and Perkins (1982), in conjunction with the garnet -
clinopyroxene geothermometer of Ellis and Green ( 1979) yields intersection pressures 
between 8 and 12 kbar for the garnet- clinopyroxene - quartz zone (Fig. 5-9). Both 
garnet-biotite (Ferry and Spear, 1978) and garnet-clinopyroxene (Ellis and Green. 
1979) geothermometers yield comparable intersection temperatures between 650 and 
850°C. Core analyses consistently yield higher P-T estimates than rim analyses. 
suggesting that decompression accompanied cooling after the metamorphic peak. P-T 
estimates from granitoid rocks are thus in accord with the mineralogical evidence that 
the western part of the Molson Lake Terrane recrystallized under elevated pressures 
and moderate temperatures. 
1 \ t\ 
As described in Section 4.5, the gabbroic rocks in the Molson Lake Terrane 
typically exhibit coronitic textures with garnet and/or amphibole as the dominant corona 
minerals. Although coronitic textures inherently imply local disequilibrium conditions, 
several samples with excess quartz and containing garnet, clinopyroxene and 
plagioclase in mutual contact were analyzed for geothermobarometry. Employing the 
same geothermometer (Ellis and Green, 1979) and geobarometer (Newton and Perkins, 
1982) as for the granitoid rocks. analyses of grain rims in three samples yielded P-T 
estimates which overlap with those from the granitoid rocks (Fig. 5-10) in spite of the 
textural complexity of the samples and partial retrogression of clinopyroxene to 
amphibole. Cores yielded slightly higher P-T estimates than the corona rims. 
5.3.1.2 Evidence of Disequilibrium in the Molson Lake Terrane 
In contrast to the favourable results in the southwestern domain of the Molson 
Lake Terrane, all attempts to calculate P-T conditions from samples collected from 
northern Molson Lake Terrane near Ross Bay Junction were unsuccessful. Although the 
same geothermometers and geobarometer were used as in the south, the intersection 
pressures range between 13 and 19 kbar and intersection temperatures between 750"'C 
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e GNT-CPX GEOTHERMOMETER 
* GNT-CPX GEOTHERMOMETER 
All with GNT - CPX - PLA - QTZ geobarometer 
Figure 5-9: P-T estimates from tonalites in the southwestern 
Molson Lake Terrane. 
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SOUTHERN MOLSON LAKE TERRANE 
S"iABBGAMO INTRUSIVE SUITE 
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1 Core (c) and rim (r) indicated where P-T estimates from rims 
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Figure 5-1 0: P-T estirr.:.ates from the Shabogamo Intrusive Suite in the 
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o JNC-87 -5039 t::. JNC-87 -5043 
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Core (c) and rim (r) indicated where P-T estimates from rims 
analyses are higher than those from cores. 
1100 
Figure 5-11: P-T estimates from samples in the northwestern Molson Lake 
Terrane which are thought to exhibit mineral disequilibrium. T: GNT-CPX; 
P: GNT-CPX-PLA-QTZ 
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All samples from the northern Molson Lake Terrane contained evidence (Photo 
5-1) for incomplete operation of the decompression reaction R5-5 . 
The unrealistically high P-T results and the variability of P-T estimates over short 
distances ( < 500 m) suggests that the northern Molson Lake Terrane experienced a 
more penetrative retrogression than the southern domain, perhaps retlecting slower 
uplift and cooling during the last thermal event. Nevertheless, it is proposed that the 
partial preservation of a garnet-clinopyroxene-quartz assemblage implies that this 
domain was also subjected to elevated pressures prior to disequilibrium conditions 
during decompression and cooling. 
5.4 Summary of Geothermobarometric Results 
Geothermobarometry applied to pelitic migmatites in the southwestern and 
northeastern domains of the Lac Joseph Terrane has established that pressures ranged 
from 3 to 6 kbar. and temper::ttures were between 575 and soooc. Pressures and 
temperatures both increased towards the northwest. in the direction of thrusting. to 
between 6 to 10 kbar and 700 to 850°C respectively. 
1-..' 
Pressure estimates from the southern Molson Lake Terrane, ranging between 8 
and 13 kbar are distinctly higher than those in the adjacent Lac Joseph Terrane ( 3-6.5 
kbar and 575 to 800°C). Even with uncertainties of ±50°C and ± 1.6 kbar 
(recommended by Newton and Perkins, 1982; and see Appendix 4), there remains a 
distinct difference between the P-T estimates for the southern Molson Lake Terrane and 
adjacent southern Lac Joseph Terrane. Although P-T estimates cannot be made in the 
Ross Bay area, the mineral assemblage is consistent with the high pressure 
determinations and moderate temperatures from geothermobarometry in the southern 
domain, and a high pressure signature is thought to be characteristic of the terrane as a 
whole. However, the slopes of the P-T vectors, defined by lines joining core and rim 
intersection P-T estimates, are not distinct in their orientation in the two terranes. 
Whether this is a result of similar synmetamorphic uplift paths, or a function of the 
different calibrations used. cannot be evaluated with the available data base. 
./ 
Photo 5-l: Garnet, clinopyroxene, biotite, hornblende, plagioclase and 
quartz in tonalitic rocks of the northern Molson Lake Terrane in the 
Lac Emerillon area near Ross Bay. Clinopyroxene is partially 






In summary, the results of geobarometry-geothermometry !ndicate that the two 
terranes developed under distinctly different pressure and temperature conditions. 
Furthermore, geochronological data (presented in the following chapters) suggest that 
the pelitic migmatites equilibrated during the Labradorian Orogeny in contrast to 






Having discussed in previous chapters, the igneous, structural and metamorphic 
events in the study area in the context of a relative chronology, it now remains to 
establish their timing in an absolute sense. Knowledge of the absolute chronology of 
events is essential if this study is to contribute to the understanding of the regional 
tectonic history of the Grenville and Labrador orogens. For example, the interpretation 
of the tectonic processes is significantly dependent upon whether the pressure 
differences recorded by mineral assemblages in the two terranes were the result of a 
single orogenic event, or of two or more temporally unrelated events. Similarly. it is 
essential to know the age of the magmatic events, partial melting, the last thermal 
event, and so on, since they all provide constraints on the tectonic model. To this end, 
a program of U-Pb and 40Ar/39Ar geochronology was designed to answer specific 
questions which remained after completion of the field work. The U-Pb technique 
utilized zircon, monazite, titanite and rutile, depending on the rock type and motives 
for analyzing a particular sample. 40Ar/19Ar geochronology employed amphibole, 
muscovite and biotite. Results from the two geochronological techniques are presented 
in separate chapters. 
6.2 SpKific Objectives of U-Pb Geochronology 
In the context of the discussions in the previous chapters, the U-Pb aspect of the 
study was designed to address the following unknowns: 1) the age of N1 and N2 
leucosomes in the migmatites of the Lac Joseph Terrane; 2) the age of formation of the 
restite mineral assemblage in the migmatites of the Lac Joseph Terrane; 3) the age of 
the gabbroic rocks of the Ossokmanuan Mountain Intrusive Suite in the Lac Joseph 
Terrane: 4) the effects, if any, of the Grenvillian Orogeny in the Lac Joseph Terrane; 
5) the age of the granitoid rocks in the Molson Lake Terrane; 6) the U-Pb age of the 
Shabogamo Intrusive Suite; 7) the age of metamorphism in the Molson Lake Terrane; 
and 8) the time of thrust emplacement of the Lac Joseph Terrane over the Molson Lake 
Terrane. 
.J 
1 . ol> 
6.3 Analytical TKhniqufs 
All the U-Pb geochronology was carried out at the Jack Satt~rly Geochronology 
Laboratory at the Royal Ontario Museum (ROM) in Toronto, Ontario. Minerals 
analyzed in this study were isolated from 0.5 to 30 kg samples by standard crushing. 
heavy liquid and magnetic separation techniques and were hand-picked using a 
binocular microscope. While all zircon fractions were abraded, only those fractions of 
monazite, titanite and rutile noted in Table 6-1 were abraded. The U-Pb chemistry for 
zircons follows the procedure of Krogh (1973) and samples were spiked prior to 
dissolution using a mixed ~Pbtmu tracer solution (Krogh and Davis, 1975). U and Ph 
were loaded together onto outgassed, single Re-tilaments using a silica gel - phosphoric 
acid mixture (Cameron et al. 1969). Zircon and some titanite fractions were run on a 
VG354 mass spectrometer; monazite and the remaining titanite fractions were run on a 
VG Micromass 30 mass spectrometer. Both mass spectrometers were operated in single 
collector mode. Conversion factors of 1.003 and 1.0015/atomic mass unit (amu) were 
applied to data collected on the Daly collector on the VG 354 and VG Microma~s _,0 
respectively to normalize to data collected with a Faraday cup; a mass fractionation 
correction of 0.10 %/amu was applied to all data. Total procedure blanks were 
estimated at 10 pg Pb and 2 pg U for small column (2 cc reservoir) chemistry; for 
mini-columns (reservoir voiume of 10% of the small columns) they were estimated at 5 
pg for Pb and 1 pg for U. The initial common Pb composition was calculated using the 
two-stage model of Stacey and Kramers ( 1975). 
Analytical data are presented in Table 6-1. Analytical uncertainties ( ± 2n) on lJ/Pb 
and 2<77Pb/206Pb ratios in Table 6-1 were calculated using the unpublished error 
propagation program of L.M. Heaman. Errors are dcpkted on concordia plots by the 
size of the ellipses. Linear regression was carried out using the method of Davis 
(1982); errors 0n the calculated ages are quoted at the 95% confidence level. Samples 
in this chapter have been assigned numbers from one to ten ; for cross-referencing these 
samples to those referred to in other chapters, the field sample number is included in 
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0 28652 116 
0 27140 118 
0 27174 92 
0 1700tl 42 
0 16696 1!>0 
0 17056 44 
0 t961t 54 
0 t6344 56 
0 20527 96 
0 .20379 94 
0.1679 0 31956 128 
0 1650 0 .31100 98 
0.1314 0 30057 116 
0 IStAI 0 .39309 176 
4 6299 0 .28383 128 
2 1419 0 28848 164 








0 .30506 120 
0 28868 88 
0 30569 82 
0 27786 150 
0 28455 80 
0 28013 74 




3 97!\0 1110 
3 6787 160 
3 7274 98 
16906 58 
1 6484 68 
I 7230 42 
2 1775 54 
1 6121 86 
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4 8468 180 
4 72119 148 
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Table 6-1 : U-Pb data. 
FRACTIONS CONCENTRATION 
AT?MIC RATIOS 
Fract•on & Commente Weight u PbRad ToiCom 206Pb/ 208Pb/ 
206Pb/ 
U.n Code (ug) (ppm) (ppm) Pb(pg) 204Pb" 206f>btll 238U 
8- PEGMATITIC DYKE BASE OF LJT (JNC-87- 812110) 
8-Z1 lgrnd 12 2 111 38 7 3e92 
0 13111 0 16750 
9-Z2 needle~ 42 lltt 143 898 430 0 1034 
0 15485 
9-Mt unabr 18 1978 28e8 60 63011 
8 8758 0 1&823 
11- M2 abr 12 1864 20116 28 
8433 6658t 0 t6766 
tO- MYLONITIZEO GRANITE EAST MARGIN OF MLT (JNC-a7-50438) 
10-Z1 am rnd 27 3111 78 17 733e 
0 1254 0 23501 
10- Z2 amb 21 434 102 8 
t6433 01031 0 22783 
t0-Z3 lg pusm• 27 310 78 7 t7531 
0 0888 0 20485 
10-Tt 1g1abr 65 680 126 895 684 
0 2083 0 111781 
10- 12 dark abr 78 840 175 1068 734 0 2 1110 
0 111692 
Mineral Code. z Zucon T lltAOII8 
M Monazo1e A Ruhle 
• Meuured value 
II All other atomic rahot in table corrected IOf l ractoonallon. laboratory blank. &poke and ini1oal common Pb 
! Nol plotted 
Error a - 2 11gme 
All zircon lractiona were abraded 
Pb Red · Total radiogenic Pb after correc1oon lor b lank. common Pb and apoke 
Tot Com Pb Total common Pb.tncludrng lab<Matury blank 
207Pb/ 207Pbl 
235U 2011Pb 
72 1 6845 70 0 072$4 14 
54 1 5423 70 0 07224 Ul 
70 1 6775 70 oon32 6 
116 t 6756 42 0 07240 41 
122 2117111 120 0 Ge1114 30 
84 2 8214 II& 0 08118t 12 
52 2 31133 54 0 08482 12 
131 1 6789 340 ') 07257 124 
154 1 6719 154 0072'64 10 
ABAEVIATtONS .m•emalt (< SO umL m ed•med•um (50- 100 um,, lg•l•roe ("'"100 um». flaga•hagmenle. rodoarou nd . tacelcfaceted . euhaeuhedral . 
ctr•clear . grn•gra•n(al. a br.,ab•aded, unabr•unabraded . b • be&t . aft :o=a ftttf. vs.ver~ . brn•brOW'n . lgt•l•ght . NM• r•on - m agnet•c 
AGE(Mal 
206Pb/ 207Pb/ 207Pbl 
238U 235U 2011Pb 
- - - -------
~ 1003 1012 
1128 1147 11113 
1002 tOOO ellS 
1000 11118 8117 
13cl1 1402 1466 
1323 1361 1422 
1200 1241 1311 
tOOO 100t t002 
1195 1198 1004 
! q l 
parenthesis at the beginning of each subsection . Zircon . titanite mona1itc and nnile 
fractions are referred to as Z. T. M and R respectively in the text and on diagrams su~h 
that fraction 1 from sample 1 is referred to as 1-Z I. 
6.4 Rt>sults: ~folson Lakt> Terrant> 
6.4.1 Molson Lake Ttrrant> Granitt>s: Sample I (JNC-86-13()()) 
A sample of foliated, biotite-hornblende-epidote-bearing granite. considered 
representative of the granitoid suite of zone:! in the Molson Lake Terrane. was 
collected from the southern part of this terrane about 15 km west of the margin of the 
Lac Joseph Terrane (Fig. 6-1). This sample exhibited a northwest · trending fabri~ 
defined by biotite and hornblende. It yielded fractions of clear. colourless. equant . 
euhedral zircon and clear. yellow. tlat . faceted titanite for U-Pb analysis. 
A mixing line is interpreted by two zircon fra~tions which plot ncar the upper 
intercept with concordia at 1648±7 Ma and two titanite fractions which plot ncar the 
lower intercept with concordia at 995 Ma (Fig . 6-2) . A third zircon fraction. J.Z) (St.'C 
Table 6. 1) is thought to have experienced secondary Pb loss and is not included in the 
linear regression. The titanite analyses fall slightly above concordia . suggesting that the 
common Pb correction calculated from Stacey and Kramers (1975) docs not accurately 
represent the composition of the Pb incorporated into the titanite at the time of 
crystallization. Since radiogenic Pb206 is much more abundant than radiogenic Pb1111 (the 
radiogenic Pb!07/Pb11Y> ratio is approximately .On in a 1000 Ma sample) . an error in the 
calculated common Pb composition will have a greater effect on the corrected Pb1111/lJ 21' 
ratio than the corrected Pb2011/ lJ23M ratio. For samples with significant amounts of 
common Pb and which plot above concordia. the Pb2011/U~ 1M age is taken as being closer 
to the true age than the Pb2117fUm age. 
The upper intercept age of 1648±7 Ma is interpreted to be the crystallization age 
of the granite. The titanite which constrains the lower intercept is part of the 
recrystallized mineral assemblage and therefore establishes the age of metamorphism as 
Grenvillian at 995 Ma (Fig. 6-2). The partial resetting (approximate ly 10%) of Pb in 
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Figure 6-2: Concordia plot of zircon and titanite from a foliated granite in the 
southern Molson Lake Terrane; sample 1 (JNC-86-1300). 
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6.4.2 Shabogamo lnt.~usive Suite: Sample 2 (LII-88~12) 
Previous 40Ar/l~Ar, Rb/Sr and Sm/Nd ages for the suite in western Labrador 
range between 1375 and 1400 Ma (Zindler etal., 1981; Brooks et al., 1981; 
Dallmeyer, 1982;). Furthermore, the Shabogamo Intrusive Suite has previously been 
correlated on geochemical grounds with the Michael Gabbro in eastern Labrador 
(Gower and Rivers, 1988; Gower et al., 1990) which has been dated by the U/Pb 
method at 1426±6 Ma (Scharer et al., 1986). In order to compare previous 
geochronological results for tile Shabogamo Intrusive Suite with those by the U-Pb 
technique, and to further test the correlation with the Michael Gabbro, zircon and rutile 
fractions were analyzed from a sample of the Shabogamo Intrusive Suite. The sample 
chosen comes from the interior part of an intrusion in the northern part of the Molson 
Lake Terrane (Fig. 6-1). The sample was coarse-grained and displayed a primary 
igneous texture; the principal mineralogy included plagioclase, clinopyroxene, 
amphibole and biotite. 
Most zircons in this sample were strongly discordant and the results for three 
fractions define a mixing line between 1431 ±7 Ma and 1001 ± 10 Ma (Fig. 6-3). The 
upper intercept is interpreted to represent the age of igneous crystallization of this suite 
of gabbroic rocks. One fraction (2-Z4) lies off the mixing line, suggesting that it 
experienced secondary lead loss. and was not, therefore, included in the mixing line 
regression. A single fraction of rutile plots on concordia at 994 Ma. within error of the 
lower intercept of the mixing line defined by zircon. 
The lower intercept of the mixing line at 1001 ± 10 Ma, is interpreted to represent 
the age of a thermal event which affected these rocks and is within error of the age of 
metamorphism for the Molson Lake Terrane established from titanite in the granitoid 
sample. The high degree of resetting in zircon contrasts with zircon frac tions from 
granites of the Molson Lake Terrane. perhaps reflecting new zircon growth, localized 
water availability and temperature differences during the Grenvillian Orogeny or 
differences in mineral size and/or radiation-induced crystal damage. Fraction 2-Zl has 
a much lower 1~Pb/206Pb ratio than the other three fractions implying a low Th content 
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Figure 6-3: Concordia plot of zircon and rutile from gabbro of the Shabogamo 
Intrusive Suite in the northwestern Molson Lake Terrane, west of Ross Bay; 
sample 2 (LH-88-12). 
The previously published U/Pb data from the Michael Gabbro of eastern 
Labrador (Scharer eta!., 1986) plot on the 1431-1001 Ma mixing line defined by this 
work (Fig. 6-3) consistent with the previous correlation of the two suites noted above. 
6.5 Rtsult4i: Lac Joseph Terrane 
6.5.1 Migmatites of the Lac Joseph Ttrrane - N, and N2 
Two samples chosen as representative of the N1 and N2 leucosomes (sample 
numbers 3 and 4 respectively) were collected at localities near the tectonic window at 
Lac Joseph in the interior of the Lac Joseph Terrane (Fig. 6-1). Both samples 
predominantly comprise the phases K-feldspar, plagioclase and quanz, but a minor 
restite component was unavoidably included. Fractions of anhedral monazite and 
zircons with crystal morphologies ranging from euhedral acicular to anhedral equant 
were separated from this sample. Some of the equant zircon grains contain cores with 
overgrowth rims. 
6.5.2 N, Leucosome: Sample 3 (JNC-87-8113) 
1 - • 
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Two monazite analyses (3-M2 and 3-M4) define a short mixing line with an upper 
intercept of 1658+36/-10 Ma (Fig. 6-4) which is interpreted to be the crystallization 
age of the N1 leucosome (ie. Labradorian in age). A long extrapolation from the closely 
spaced points near the top of the mixing line constrains the lower intercept rather 
imprecisely at about 1010 Ma. A third monazite (3-M5) fraction plots slightly above 
concordia, with a 201!Pbtmu age of 1606 Ma. This fraction yielded a 206Pb/204Pb ratio 
approximately an order of magnitude lower than fractions 3-M2 and 3-M4 reflecting 
significantly higher amounts of common lead. The inconsistent result of fraction 3-M5 
relative to the upper intercept age derived from fractions 3-M2 and 3-M4 is attributed 
to an inaccurate common Pb correction in the former . 
All zircon populations are strongly discordant with 207Pb/206Pb ages ranging from 
2330 to 1799 Ma indicating a significant component of pre-Labradorian inheritance. 
Only fraction 3-Z 1 is near concordia with a ~07PbfZ06Pb age of 1799 Ma suggesting that 
a signiticant component of the zircon fraction formed or was reset at about this age. 
Interpretation is difticult, however, because the fraction is sufficiently discordant to 
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t"igure 6-4: Concordia plot of zircon and monazite from an N1 leucosome from a 
sample of pelitic migmatite from the Lac Joseph Terrane ; sample 3 
(JNC-87-8113) . 
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around 1900 Ma. In either case however, this fraction is dominated by 1800 to 1900 
Ma zircons implying an early Proterozoic provenance. The highly discordant nature of 
the other zircon fractions is attributed to new crystal growth around cores older than 
1900 Ma and/or partial lead loss during or after generation of Nl leucosomes in the 
Labradorian Orogeny at 1658+36/-9 Ma (defined by the monazite discordia line). 
6.5.3 N2 Leucosome: Sample 4 (.JNC-87-126) 
Three euhedral monazite fractions consisting of 1, 2 and 5 grains respectively 
were analyzed from sample 4, and define a line with an upper intercept of 1639+ 12/-7 
Ma and a poorly defined lower intercept of 1063 Ma (Fig. 6-5). The single grain was 
only 1.8% discordant from the upper intercept which is interpreted to represent the age 
of crystallization of this N2 leucosome. This upper intercept age based on data from 
monazite establishes that the N2 leucosomes formed during the Labradorian Orogeny 
and were thus not generated during the Grenvillian Orogeny. The zircon fractions show 
considerable scatter, suggesting that they have a significant component of inheritance, 
and they are therefore, not useful in determining the age of leucosome crystallization. 
6.5.4 Mylonitic Migmatite of the Lac Joseph Terrane: SampleS (JNC-87-5016) 
A mylonitic migmatite was collected about 8 k.m from the western margin of the 
southern Lac Joseph Terrane (Fig. 6-1) in order to determine the age of mylonitization 
and the synkinematic sillimanite - biotite - garnet - magnetite assemblage. Both 
leucosomes (N1 and N2) are flattened and attenuated and contain rotated K-feldspar 
inclusions. Biotite and sillimanite are aligned parallel to the shear plane and wrap 
around garnet. 
One zircon ar.d two monazite fractions define an upper intercept age of 
1634+ 13/-4 Ma (Fig. 6-6). The limited discordance necessitates a long extrapolation to 
the lower intercept with a poorly defined age 1030 Ma. Zircon fraction 5-Z3, 
comprising large zircon grains, is slightly discordant with a 20?Pb/206Pb age of 1650 Ma, 
whereas fraction 5-Z2 plots slightly above concordia with a 2<nPb/206Pb age within error 
of the 1634 + 13/-4 Ma upper intercept. The near concordancy of all the zircon fractions 
contrasts strongly with those from samples 3 and 4 from the interior of the terrane, 
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Figure 6-5: Concordia plot of zircon and monazite from an N2 leucosome from a 
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Figure 6-6: Concordia plot of zircon and monazite from a sample of mylonitized 
pelitic migmatite from the Lac Joseph Terrane; sample 5 (JNC-87-5016). 
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where a strong component of inheritance was found in all samples. It is interpreted that 
during the process of mylonitization, Pb was effectively reset in zircon in the shear 
zones. The U-Pb age from this sample therefore provides the age of mylonitization . 
Since the restite assembla~e is synkinematic, the U-Pb age from the shear 1one 
also establishes that the sillimanite-biotite-garnet-magnetite assemblage formed at 
1634+ 13/-4 Ma and must therefore be Labradorian in age. By extension, since this 
syn-kinematic mineral assemblage from within the shear zone is identical to the mineral 
assemblage in the migmatites outside the shear zone, and yields similar P-T results. it 
follows that the restite mineral assemblage throughout the Lac Joseph Terrane is uf 
Labradorian age. 
Since all fractions plot near the top of a discordia line between 1634 Ma - I 030 
Ma it is apparent that the zircons were not strongly aiiected by the Grenvillian 
Orogeny, despite the proximity of the sample tn the terrane boundary. a maximum 
distance of 8 km away. 
6.6 Retrogres~d l\ligmatite from the 1\largin of Lac Jo~ph Tt>rrant>: Samplt' 6 
(JNC-86-14) 
Sample 6 was collected near tht southwestern margin of the Lac Joseph Terrane. 
where retrograde muscovite is pervasive (Fig. 6-1 ) . This sample is an unmylonitizcd 
migmatite dominated by the younger melt phase (N2) . The leucosome primarily 
comprises plagioclase and quartz witil minor K-feldspar, and the restite consists of 
muscovite, biotite, garnet and hematite. The object of dating this sample was to 
determine whether the presence of muscovite in the pelitic migmatites near the margin 
of the Lac Joseph Terrane could be correlated with Grenvillian growth of accessory 
minerals. 
Four zircon fractions, all slightly discordant, and a monazite fraction which plots 
slightly above concordia, yield an upper intercept age of 1611 + 13/-6 Ma and a poorly 
defined lower intercept age of 1063 Ma (Fig. 6-7). The zircon fractions represent a 
diversity of morphologies which include needles (6-Zl and 4), overgrowths (6-Z2) and 
small (<501lm) round grains. The monazite fraction (6-Ml) comprised large(> 100 








Figure 6-7: Concordia plot of zircon and monazite from an N2 leucosome from a 
sample of pelitic migmatite from the Lac Joseph Terrane; sample 6 (JNC-86-14). 
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from this same migmatite yield :u'Pbi!I)()Pb ages of between 1-CJ to 1399 Ma. which arc 
unique to the Allochthonous Polycyclic Belt of western Labrador tFig. 6-7). Fractions 
6-M2 and 6-M3 overlap within error with a W•'~Pb/mu age of 1~03 Ma whereas 
fractions 6-M4 yields an older 1~Pb/~-'KU age of 1415 Ma and plots slightly helow 
concordia. These fractions comprised large ( > 100 pm) fragments of monazite (6-M2 
and 3) and one fraction of round, frosted grains, and therefore appeared distinct from 
the lustrous nature of fraction 6-M l. 
Although there is some dispersion of the data among the 4 1ircon fractions. there 
is no evidence of a pre-Labradorian inheritance (Fig. 6-7). In spite of the poor 
definition of the discordia caused by the clustering of the data points, three statements 
may be made; 1) the colinearity of analyses of zircon needles and overgrowths suggests 
that N2 leucosomes in this sample crystallized during the Labradorian rather than 
Grenvillian Orogeny (reinforcing the conclusions from sample 4); 2) the lack of 
pre-Labradorian inheritance in this sample suggests that this part of the Lac Joseph 
Terrane must have been affected by a significant thermal event or resetting process 
during the Labradorian Orogeny which was absent in the interior; and 3) the U-Pb 
systematics of zircon and monazite at the margin were not signilicantly disturbed during 
the Grenvillian Orogeny. 
The 1423 to 1399 Ma ages from the three monazite fractions arc enigmatic for 
several reasons: l) this age range has not been previous! y recorded in the Lac Joseph 
TetTane or any other allochthonous terrane in Labrador: 2> it is not known whether the 
monazites were located in the restite phase or the leucosomes; and 3) data at present arc 
insufficient to determine whether the frosted monazite grains consistently yield ages in 
this range (the other fractions which yielded the same age may be fragments of the 
frosted population) in contrast to the lustrous grains which, so far, have a single 
Labradorian age. The 2011Pb/2lKU age of 1403 Ma from the two concordant monazite 
fractions is thought to be the best estimate of this cryptic event; fraction 6-M4, which 
plots slightly below concordia and yields an older 2(f7Pb/2'"'Pb age, may have a small 
component of inheritance. 
6. 7 Ossokmanuan Mountain Intrusive Suite of the Lac Joseph Terrane: Sample 
7 (LII-88-23) 
A sample of medium-grained. massive gabbronorite exhibiting a primary igneous 
texture was collected from the site of the communication tower east of Ross Bay 
Junction (Fig. 6· 1) and is thought to be representative of the gabbroic rocks of the 
Ossokmanuan Mountain Intrusive Suite along the northern margin of the Lac Joseph 
Terrane and many of the smaller bodies in the terrane. Two concordant fractions of 
anhedral zircon yielded an age of 1623+7/-5 Ma which is interpreted to be the age of 
crystallization (Fig. 6-8). Fragments of rutile grains from this sample yielded an 
identical age (within error) implying that it also crystallized at the time of intrusion. 
The lack of Pb-loss in zircon or rutile subsequent to their crystallization implies that 
this rock was not significantly affected during the Grenvillian Orogeny. 
Whether this age is applicable to all the metabasic rocks in the Llc Joseph Terrane 
is unclear. However, the lithological diversity of the gabbroic rocks in the Lac Joseph 
Terrane requires that caution be exercised in correlations. In particular, the highly 
recrystalli1ed, two pyroxene granulites appear to have undergone a different 
metamorphic history. 
6.8 Mafic Migmatites of the Lac Joseph Terrane: Sample 8 (JNC-86-524) 
An amphibolite facies retrogression locally overprints the granulite facies 
assemblage in the metabasic rocks in the Lac Joseph Terrane. To determine the timing 
of the amphibolite retrogression, a sample of foliated, fine-grained, partially melted 
metabasic gneiss containing plagioclase, hornblende, biotite, quanz, titanite and zircon 
was collected from the amphibolite facies zone near the southwestern margin of the 
terrane (Fig. 6-1). Since the U-Pb systematics in titanite are known to be sensitive to 
metamorphic/hydrothermal events, three fractions of euhedral titanite were analyzed in 
order to determine whether this overprinting was part of a protracted Labradorian 
Orogeny or a distinct younger event. Three fractions of small (<50 ~m) round zircon 
were also analyzed. 
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Figure 6-8: Concordia plot of zircon and rutile from a gabbronorite body of the 
Ossokrnanuan Mountain Intrusive Suite of the Lac Joseph Terrane; sample 7 (LH-88-23). 
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Two titanite fractions fall on concordia at 1281 Ma with a third fraction being 
slightly discordant with a 2l17Pb/206Pb age of 1292 Ma (Fig. 6-9). Of the three zircon 
fractions analyzed from this sample, one (8-Z1) is highly discordant and was not 
utilized. Fraction 8-Z3 faJls on a line between 1281 Ma (defined by the two concordant 
titanite fractions) and 1648 Ma, with fraction 8-Z2 plotting within error of the upper 
intercept with a 2117Pb/206Pb age of 1657 Ma. Although the zircon analyses do not 
provide a precise upper intercept, the two zircon fractions fall on a line which suggests 
that this rock was originally metamorphosed at about 1650 Ma during the Labradorian 
Orogeny. Utilizing the two concordant titanite points it is interpreted that the 
Labradorian assemblage was affected by a hydrous amphibolite facies retrograde 
metamorphic event at 1281 Ma which resulted in titanite crystallization. The spatial 
extent of amphibolite facies assemblages of this age and the significance of the 1281 Ma 
age. previously unrecognized in western Labrador, is currently a matter of speculation. 
6.9 P~gmatite Dyk~ in the Lac Joseph Terrane: Sample 9 (JNC-87-8126) 
A weakly foliated, coarse-grained to pegmatitic. two mica granite dyke, which 
cross-cuts all fabrics in an outcrop of migmatite in the Lac Joseph Terrane, was 
collected to establish the maximum age of the last deformation event which affected the 
Lac Joseph Terrane (namely the event responsible for the fabric in the dyke). 
Two concordant anhedral monazite fractions yielded an age of 999+5/-3 Ma (Fig. 
6-1 0) which is interpreted to represent the age of crystallization of the pegmatite dyke. 
Zircon fractions from this sample are discordant and were therefore not utilized in the 
calculation of the age, although their Grenvillian 2l17Pb/206Pb ages of 1012 Ma and 993 
Ma imply there is no component of Labradorian or older inheritance. This sample 
indicates that the fabric observed in the dyke must be of late Grenvillian age. 
6.10 Shear Zone Boundary between the Lac Joseph and Molson Lake 
Terranes: Sample 10 (JNC-87-50438) 
Granites of the Molson Lake Terrane are deformed in ductile shear zones along 
the boundary between the Lac Joseph Terrane and Molson Lake Terrane. A sample of 
mylonitized granite was collected from the Lac Emerillon shear zone east of Labrador 
City on the Trans-Labrador highway (Fig. 6-1) in an effort to establish the age of 
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Figure 6-9: Concordia plot of zircon and titanite from amphibolite facies mafic 
gneiss in the southwestern Lac Joseph Terrane; sample 8 (JNC-86-524). 
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Figure 6-10: Concordia plot of zircon and monazite from a foliated, 
cross-cutting, pegmatite dyke at the base of the Lac Joseph Terrane; sample 9 
(JNC-87-81260). 
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shearing in this zone. and thus the approximate time of juxtapositioning of the Lac 
Joseph Terrane against the Molson Lake Terrane. The sample is of granitic 
composition, with accessory garnet. epidote. biotite. titanite and zircon. It exhibits a 
very strong fabric parallel to the shear plane: rotated inclusions were locally observed 
in the outcrop. 
Three zircon fractions wc·re analyzed and all fall on a mixing line between 
1640±20 Ma and 990± 12 Ma. These ages are within error of the previously defined 
mixing line for the unmylonitized granite in the Molson Lake Terrane to the south 
(Sample 1, Fig. 6-2). However, in contrast to the unmylonitized granites. the 1ircons 
within the shear zone ha·1e experienced significant Pb-loss and plot from 45% to fl9% 
discordant along the mixing line towards the lower intercept at 990 ±I~ Ma (Fig. 6-1 I). 
Two fractions of titanite. a phase which is part of the synmylonitic, stable mineral 
assemblage. plot on concordia at 995 and 1000 Ma. 
It is interpreted that the significantly higher degree of resetting of 1ircon in this 
~.ample compared to the unmylonitized samples is due to the presence of fluids and/or 
mechanical deformation associated with ductile shearing. The lower intercept age of the 
discordia line of 990± 12 Ma. detined by zircon. is therefore interpreted to represent 
the time of shearing. The age of the synmylonitic titanite is identical to the lower 
intercept of 990± 12 Ma. and so the time of shearing is confidently estimated from two 
independent pieces of evidence. 
It should be emphasized. however. that although sample 10 was collt.-ctcd from a 
shear zone at the margin of the Molson Lake Terrane, the terrane boundary is a 
complex zone of anastomosing shear zones. and movement along other parts of the 
zone could have pre- or post-dated the estimated age of 990 ± 12 Ma. This age for 
shearing, therefore, provides an approximate age for the emplacement of the Lac 
Joseph Terrane. but does not require that the two terranes were assembled in their 
present configuration by 990± J:'. Ma. 
6.11 Discussion 
From the geochronological data presented above it is clear that, although the 
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Figure ~11: Concordia plot of zircon and titanite from mylonitized granite of 
the Molson Lake Terrane; sample 10 (JNC-87-5043B). 
events, much of their histories are distinct (Fig. 6-12). For instance. although both 
terranes were affected by igneous events of Labradorian age. the Shabogamo Intrusive 
Suite appears to have been soleiy emplaced into the Molson Lake Terrane. On the oth~r 
hand. events resulting in recrystallization of accessory phases in the interval between 
the Labradorian and Grenvillian orogenies in the lac Jmeph Terrane do not appear to 
be represented in the Molson Lake Terrane. The Grenvillian Orogeny resulled in 
penetrative recrysta!lization of rocks in the Molson Lake Terrane and thrusting of the 
Lac Joseph Terrane' over the Molson lake Terrane. Other implications of these data 
and their constraints on tectonic models. are discussed below. 
6.12 ::\lolson Lake Terrane 
6.12.1 The Labradorian Orogt>ny 
The granitoid rocks in the Molson Lake Terrane are thought to comprise an 
intrusive suite which was emplaced at about 1648 ± 7 Ma. This age is comparable to the 
emplacement age of rocks in the Trans Labrador Batholith suite in eastern and central 
Labrador (Gower et al.. 1984: Nunn et al.. 1985: Thomas et al., 1985; Scharer ct al .. 
1986; Kerr. 1989). Since the compositions of the granitoid rocks of the Molson Lake 
Terrane are also apparently broadly comparable to those of the batholith to the east. it 
is suggested that they are a westerly continuation of the Trans Labrador Batholith, 
which is therefore interpreted to structurally underlie the Lac Joseph Terrane and 
extend on its western side. 
6.12.2 Shabogamo Intrusive Suite 
The 1431 ±7 Ma U-Pb age for the Shabogamo Intrusive Suite is in reasonable 
agreement with previously reported Rb/Sr. Sm/Nd and ~0ArfWAr ages of between 
1375-1400 Ma (Brooks et al., 1981, Zindler et al.. 1981; Dallmeyer. 1982) and is 
identical within error to the 1426±6 Ma age previously reported for the Michael 
Gabbro of eastern Labrador (Scharer et al., 1986). The previous correlations between 
the Michael Gabbro and Shabogamo Intrusive Suite made by Gower et al. (in press) is 
thus supported by the new U/Pb data. There is no evidence to indicate that any 
metamorphic or compressional structural event accompanied the emplacement of this 
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Figure 6·, 2: Summary of events in the Lac Joseph and Molson Lake terranes. 
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unit. These observations are compatible with the existence of a east-north~ast orienh:d 
zone of extension at 1431 ± 7 Ma. subparallel to the future Grenville Front, into which 
the Shabogamo Intrusive Suite and Michael Gabbro were emplaced. 
6.12.3 Grem·illian Orogeny 
Titanite and rutile in the metagranitoid and metabasic rocks respectively in the 
Molson Lake Terrane crystallized or were reset during the Grenvillian Orogeny . 
Zircons from both rock types are partially to strongly discordant towards a lower 
intercept of 990 to 1001 Ma implying that this terrane was affected by an intense 
thermal event during this interval which resulted in extensive mineral rccrystalli1ation 
accompanied by penetrative fabric development. 
6.13 Lac Joseph Terrane 
6.13.1 Labradorian Orogeny 
Both the N1 and N1 leucosomes in the migm~tites in the Lac Joo;eph Terrane 
formed during the Labradorian Orogeny, the earlier dated at 1658 + 36/-10 Ma and the 
later at 1639+ 12/-7 Ma. A third migmatite sample, a retrogressed muscovite-bearing 
migmatite from the boundary of the Lac Joseph Terrane, has yielded an age of 
1611 + 13/-6 Ma (upper intercept of a mixing line defined by zircon and a ncar 
concordant fraction of monazite). In this sample the N1 and N1 leucosomcs cannot b\! 
distinguished, but the implication is that the leucosomes crystallized until this time, 
suggesting that the Su gneissosity is a composite feature which formed in the interval 
from 1658 Ma until about 1611 Ma. Sillimanite and biotite are in part aligned within 
this composite gneissosity ana define Du fabrics. and must, therefore, have been 
forming at least during the formation of the N2 leucosomes. These minerals are also 
coaxial and coplanar to F2J folds which clearly postdate the younger leucosomcs and the 
Su gneissosity, suggesting that the sillimanite- garnet- biotite- magnetite 
sub-assemblage continued to form, and perhaps locally recrystallized after melting had 
ceased. The age of 1634 + 13/-7 Ma from a shear zone which contains the stable 
synkinematic sillimanite - biotite - garnet - magnetite sub-assemblage implies that the 
latest movements on the shear zone occurred during the Labradorian Orogeny. Field 
relationships indicate ti'at the shear zone post-dated the F2 folding, so the age of 
shearing is a minimum age for the F:u folding and proves that Fu folds are indeed 
Labradorian. 
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A metamorphic aureole around a granitoid body associated with the Atikonak 
Massif (Fig. 6-1) in the southern pan of the Lac Joseph Terrane which has been dated 
at 1133+ 10/-5 Ma (U-Pb, Emslie and Hunt. 1990), overprints the sillimanite- garnet-
biotite - magnetite assemblage and therefore independently attests to the pre-Grenvillian 
age of the latter. 
6.13.2 lntrusivt> Rocks of tht> tac Joseph Terrant" 
The medium- to coarse-grained basic intrusive rocks were emplaced during the 
latter pan of the Labradorian Orogeny at 1623 ± 7 Ma. The approximate 
coincidence of rutile and zircon ages implies that this rock type was not appreciably 
affected by any post-Labradorian thermal event. 
Two previously reported ages for granitoid rocks in the Lac Joseph Terrane 
suggest that granitic intrusion occurred over an extended time interval in the 
Labradorian Orogeny. The earliest zircon age of 1672 Ma (Krogh, 1983) is apparently 
from a pre-tectonic body, as it predates the older leucosome phase determined here by 
about 14 m.y . The rapakivi -textured granitoid rocks dated by Brooks (1983) intruded at 
1619 Ma (U-Pb), approximately coevally with the basic rocks dated in this study. The 
presence of metamorphic orthopyroxene in this unit supports the earlier suggestion that 
elevated temperatures persisted at least until this time. 
6.13.3 Post-Labradorian to Pre-Grenvillian Mint>ral Growth 
Two periods of mineral growth occurred between the Labradorian and Grenvillian 
orogenies which were previously unrecognized in western Labrador. Two monazite 
fractions from a migmatite sample collected near the margin of the Lac Joseph Terrane 
yielded ages of 1403 Ma (Fig 6-7). Although the recrystallization or diffusion of Pb 
must have been due to a thermal and/or hydrothermal event, no such event has yet been 
recognized and no structural signature has been identified. It is perhaps noteworthy, 
however, that this age determination comes from near the margin of the Lac Joseph 
Terrane. and may imply that movement along the boundary occurred sporadically in the 
interval between Labradorian to Grenvillian times. Although speculativ~. this would 
imply that the formation of the Lac Joseph Terrane boundary was a pre-Grenvillian 
event. 
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In the southwestern part of the Lac Joseph Terrane, ncar the boundary with the 
Molson Lake Terrane, a titanite-bearing, amphibolite-facies assemblage has overprinted 
an earlier granulite-facies assemblage. Three titanite fractions from the amphibolite 
facies rocks yielded consistent ages of ca. 1281 Ma indicating that. at least locally. the 
Lac Joseph Terrane was affected by a retrograde amphibolite facies metamorphic event 
at this time. It is not known whether this 1281 Ma event only resulted in retrogression 
along the margins of the Lac Joseph Terrane. or whether it also affected the interior 
regions. 
6.13.4 The Grenvillian Orogeny 
A suit~ of 999+5/-3 Ma pegmatite dykes cross-cut Labradorian fabrics in the 
migmatites of the Lac Joseph Terrane. A single penetrative planar fabric within the 
dykes attests to the existence of at least local deformation of Grenvillian age in the Lac 
Joseph Terrane. 
All four of the pelitic migmatites from the Lac Joseph Terrane that were dated by 
U-Pb methods show only slight discordance of both zircon and monazite fractions 
towards lower intercepts between 1000 and 1070 Ma. However, the clustering of data 
near the upper intercepts of the mixing lines precludes accurate determination of the 
lower intercepts. Examined independently, it would not be possible to determine 
whether the lower intercepts represent a significant geological event. However, since 
the lower intercepts in all four samples lie in the restricted range of 1000-1070 Ma, 
which is known to a;;proximately coincide with the age of the Grenvillian Orogeny, it is 
likely that they reflect the latter event. Furthermore, when these results are considered 
in the context of other data from the Molson Lake Terrane which indilate the existence 
of a major metamorphic event between 990-1000 Ma, it appears reasonable to suggest 
that minor Pb-loss in accessory minerals in the migmatites also occurred as a result of 
the orogeny at this time. It is therefore suggested that much, if not all, of the Lac 
Joseph Temme was heated sufficiently during the Grenvillian Orogeny to cause slight 
Pb-loss in zircon and monazite. The preservation of Labradonan mineral assemblages 
and fabrics suggests that the thermal effects were not sufficient to cause widespread 
mineral recrystallization throughout the Lac Joseph Terrane. 
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6.14 Terrane Assembly 
Shearing along the mutual boundary of the Lac Joseph and Molson Lake terranes 
occurred at about 990± 12 Ma, coeval with recrystallization of the metagranitoid and 
metagabbroic rocks in the Molson Lake Terro..,e itself. This episode of shearing is 
interpreted to be associated with the emplacement of the Lac Joseph Terrane over the 
Molson Lake Terrane along southeast-dipping thrust faults. As noted above, the U-Pb 
isotopic systematics in minerals in the Lac Joseph Terrane were only slightly reset 
during the Grenvillian Orogeny. implying that the Lac Joseph Terrane was not heated 
sufficiently at this time to cause penetrative mineral recrystallization . The Grenvillian 
imprint is therefore limited to the emplacement of sparse granitic pegmatitcs and the 
development of a localized fabric. 
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CHAPTER7 
.o Arfl'Ar GEOCHRONOLOGY 
7.llntroduction 
The results of U-Pb geochronology have established the timing of crystallization 
of major intrusive units, and of the leucosomes in the pelitic migmatites, and have 
elucidated the chronology of fabric-forming recrystallization and mylonitization events. 
40Arfl9Ar geochronology was employed as a complementary geochronological tool to 
investigate the post-peak metamorphic history in both the Molson Lake and Lac Joseph 
terranes. Hand-picked mineral fractions were separated from some of the samples that 
were used for U-Pb geochronology (as previously outlined in Section 6.2) and from 
other samples chosen specifically for 40Ar/39Ar dating and sent to Dr. Joi:n Hanes at 
Queen's University at Kingston. These fractions were further "cleaned up" by Hanes 
prior to shipment to McMaster University in Hamilton, Ontario for irradiation to 
convert 4°K to 40Ar. Fractions were analyzed at Queen's University by J. Hanes. In the 
age spectra, the vertical height of the bars for each fraction represent ± 2 sigma, 
suitable for comparing within-spectrum dates (ie. error in J =0). A conservative 0.5% 
error in J estimates can be used tor t~~·v~;•-spectra age comparisons of samples 
irradiated together; this corresponds to an additional ca. ± 2 Ma (2 sigma) error in step 
dates. The sample sites and mineral fractions selected for analysis are shown on Figure 
7-1. Since some samples analyzed for 40Arfl9Ar were also analyzed for U-Pb 
geochronology, only descriptions of samples not discussed in the Chapter 6 will be 
presented here. 
7.2 The Lac Joseph Terrane 
Samples from the Lac Joseph Terrane were specifically chosen to: 1) test the 
U-Pb results which suggest that amphibolite facies retrograde metamorphism occurred 
at about 1:!81 Ma; 2) determine the age of the fabric defined by aligned muscovite that 
occurs along the southwest margin of the Lac Joseph Terrane; 3) investigate more fully 
the thermal effects of the Grenvillian Orogeny; and 4) compare qualitatively, 













Figure 7-1 : Location of samples utilized for 40Ar/39Ar geochronology. Sample 
numbers are prefixed by JNC-86 or JNC-87. The suffixes a, m and b refer to 
the amphibole, muscovite and biotite phases used for 40Ar/39Ar analyses. 
'-. 
7.2.1 .~mphibolite Facies Retrogression: JNC-86-524 
Hornblende from the same sample (JNC-86-524) which yielded titanite for U-Pb 
analysis (Fig. 7-1) was analyzed in order to obtain independent confirmation of the 
1281 Ma ag~ for amphibolite facies retrogression, and also to constrain the maximum 
Grenvillian temperatures in the Lac Joseph Terrane. Apart from a small amount of 
"excess" Ar in tie first two heating steps, hornblende from this sample yielded a 
well-defined plateau age of 1263±4 Ma (Fig. 7-2). 
178 
This 1263±4 Ma age is 18 Ma younger than the U-Pb age from coexisting 
titanite. The near coincidence of the amphibole and titanite ages, beth stable phases in 
the amphibolite facies assemblage, confirms that retrogression occurred at about 1281 
Ma. The absence of any Grenvillian effects on argon systematics in the hornblende 
implies that temperatures during the Grenvillian Orogeny did not exceed ca. 530°C (the 
closure temperature for Ar in hornblende) in the southern Lac Joseph Terrane (Harrison 
and McDougall, 1980) 
7 .2.2 Muscovite and Biotite from the Retrogressed Margin of the Lac Joseph 
Terrane: JNC-86-14. 
The spatial relationship between the zone of foliated, retrogressed 
muscovite-bearing metapelites and the southwest margin of the Lac Joseph Terrane 
raised the question as to whether the retrogression was related to the emplacement of 
the Lac Joseph Terrane over the Molson Lake Terrane during the Grenvillian Orogeny 
(see Section 4.2.6.1). Muscovite was extracted from sam;Jie JNC-86-14, from which 
zircon and monazite were also analyzed for U-Pb geochronology (Fig. 6. 7). Muscovite 
shows slight excess argon in the first two steps, with the steps 3 and 4 defining a 
plateau age of about 991 ±6 Ma (Fig. 7-3). Coexisting biotite also shows a reasonable 
plateau with a slightly disturbed spectrum, but the plateau age of 1165±4 Ma (Fig. 7-3; 
steps 4 and 5) , older than that of coexisting muscovite, is interpreted to be a 
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Figure 7-2: Incremental Ar release spectrum for amphibole from sample JNC-86-524 
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The 991 ±6 Ma plateau age for muscovite implies that it either formed at this time 
or the ambient temperature fell below the Ar closure temperature for muscovite at this 
time, either interpretation requiring that temperatures were elevated in this zone during 
the Grenvillian Orogeny. Considering the location "f the sample at the structural base 
of the Lac Joseph Terrane, the prefer.ed interpretation is that the aligned muscovite 
formed syntectonically at tilts time and that heat and fluids required for the retrograde 
reaction were transferred from the underlying Molson Lake Terrane. This interpretation 
is consistent with the 995 Ma U-Pb age for the mylonitization in the Lac Emeri:lon 
boundary shear zone. 
7.2.3 Muscovite from a Grenvillian Dyke from the boundary of the Terrane 
Bound~ry: JNC-86-81260 
A foliated granitic dyke which cuts across the gneissic layering near the structur-al 
base of the Lac Joseph Terrane has been dated at999+5/-3 Ma by U-Pb methods. 
Muscovite from this dyke was analyzed in order to assess post-Grenvillian cooling rates 
along the base of the Lac Joseph Temme by comparing 40Ar/l9Ar and U-Pb ages. 
Muscovite yields an 40Ar/39Ar plateau age of about 963 ±6 Ma (Fig. 7-4), implying that 
Ar closure occurred about 36 m.y. after crystallization. 
7.2.4 Muscovite and Biotite from the Interior of the Lac Joseph Terrane: 
JNC-86-78, JNC-86-493 and JNC-86-396A. 
Several mica fractions from the interior of the Lac Joseph Terrane were analyzed 
for 40ArfJ9Ar to determine whether the Grenvillian thermal overprint recorded at the 
terrane margin was also present in the interior of the terrane. Muscovite and/or biotite 
were separated from three samples, none of which were analyzed for U-Pb 
geochronology. Sample JNC-86-78 is a sillimanite - biotite - garnet - magnetite-bearing 
pelitic migmatite, typical of the interior of the Lac Joseph Terrane. Sample JNC-86-493 
is a muscovite-bearing pelitic migmatite from the southeastern Lac Jo~ph Terrane in 
which muscovite is randomly oriented; on the basis of field relationships, the muscovite 
was interpreted to have formed in a contact metamorphic aureole around the 
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Figure 7-4: Incremental Ar release spectrum for muscovite for sample 
JNC-87-81260. 
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1133+ 10/-5 Ma Fleur-de-Mai granite around the Atikonak Massif (Emslie and Hunt, 
1990). Sample JNC-86-396A is a late, muscovite-bearing pegmatite which cross-cuts 
the gneissic layering in the migmatites. 
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Biotite from the Labradorian restite assemblage in sample JNC-86-78 yielded a 
disturbed spectrum step and five yielding a plateau age of 1011 +9 Ma (Fig. 7-5). This 
disturbed spectrum may be due to excess Ar in the biotite or the biotite may have 
formed earlier, possibly during the Labradorian Orogeny, but lost Ar during the 
Grenvillian Orogeny. Muscovite fractions from samples JNC-86-396 and JNC-86-493 
give very good plateau ages of 937+6 and 974+4 Ma respectively (Fig. 7-6), with 
only a small proportion of excess argon in the first step of the latter sample. 
The muscovite ages from the interior of the Lac Joseph Terrane thus imply that 
ambient temperatures had fallen below about 350°C, the closure temperature of Ar in 
muscovite (Harrison and McDougall, 1982), by 937-974 Ma. The 37 m.y. range 
suggests that cooling through the closure temperature was rather slow. The older age 
for biotite than for muscovite, even though the two minerals were not from the same 
samples, again raises the possibility of excess Ar in biotite. Another implication is that 
cooling was heterogeneous throughout the Lac Joseph Terrane. 
7.3 The Molson Lake Terrane 
Biotite, muscovite and amphibole fractions from the Molson Lake Terrane were 
analyzed in order to constrain the timing and rate of post-Grenvillian uplift. 40Ar/39Ar 
spectra from the southern Molson Lake Terrane are typically concordant and contrast 
with disturbed spectra from the northern domain; the two areas will be presented 
separately. 
7.3.1 Southern Molson Lake Terrane 
Muscovite, amphibole and/ or biotite fractions from three samples from the 
southern Molson Lake Terrane have been analyzed for 40Ar/39Ar. Samples 
JNC-86-1206 and JNC-86-1300 were collected in the amphibolite facies zone 2, and 
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Figure 7-6: Incremental Ar release spectra for muscovite from samples 
JNC-86-493 and 396A. 
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sample from the southern Molson Lake Terrane which was also analyzed for U-Pb 
geochronology. Sample JNC-86-1166A comes from the upper greenschist facies zone 1 
and contains biotite, muscovite and epidote, as accessory minerals. 
40Ar/39Ar ages from muscovite and amphibole in the southern Molson Lake 
Terrane are in agreement at 985+4 and 989+6 Ma respectively (samples JNC-86-1206 
(amphibole), Fig. 7-7; and JNC-86-1166A (muscovite), Fig. 7-8). Two of three biotite 
fractions (JNC-86-1206 and 1166A) from the southern Molson Lake Terrane yield 
spectra exhibiting slight inverse discordance with respect to the coexisting amphibole 
and muscovite (Figs. 7-7 and 7-8). A third biotite fraction from this area 
(JNC-86-1300) yields a well-defined plateau age of 997+6 Ma (Fig. 7-9). 
Fractions yielding biotite ages older than those of muscovite and amphibole are 
interpreted to indicate the presence of excess argon; biotite ages from these samples are 
therefore geologically meaningless. The 997+6 Ma age for biotite from sample 
JNC-86-1300 from the southern Molson Lake Terrane may be a reasonable estimate of 
the time of closure of the biotite lattice to Ar. However, since the common tendency of 
biotite to incorporate excess argon during metamorphism in high grade terranes is well 
established (eg. Dallmeyer and Rivers, 1983), it is clear that caution is warranted when 
interpreting spectra for this mineral. 
The muscovite and amphibole fractions yielded age estimates that are within error 
of the U-Pb ages for mineral recrystallization in the Molson Lake Terrane, implying 
that cooling through the closure temperatures of Pb in titanite and Ar in amphibole and 
muscovite occurred in less than 10 to 15 m.y. 
7.3.2 Northern Molson Lake Terrane: JNC-87-5043B 
Biotite and amphibole fractions separated from sample JNC-87-5043B from the 
Lac Emerillon shear zone were analyzed to determine the time interval between the 
closure of U-Pb and 40Ar/39Ar isotopic systems. 
The amphibole spectrum is saddle shaped with an plateau age of 1083+6 Ma for 
the lowest step, whereas biotite yielded a very good plateau at 1158+4 Ma (Fig. 7-10). 
The shape of the amphibole spectrum and comparison with the U-Pb age from 
.. / 
Granite: southern Molson Lake Terrane 
1500 
1400 I JNC-86-1166A I 
1100 
1015 Ma (all steps) BIOTITE 
~~==~~~··:::::~::::::::::::.3·: ... 1000 tF...... ........ ........ ... ································· ................ . 






0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.11 
FRACTION OF 3~R RELEASED 
Figure 7-8: Incremental Ar release spectrum for biotite and muscovite for sample 
JNC-86-1166A. 
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Figure 7-9: Incremental Ar release spectrum for biotite for sample JNC-86-1300. 
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Figure 7-10: Incremental Ar release spectra for amphibole and biotite from 





coexisting titanite (990+ 12 Ma, Fig. 6-11), indicates that the amphibole fraction 
contained excess argon. It is interesting to note however, that the highest temperature 
step in the amphibole spectrum yielded an age of 1440 Ma, an age comparable to the 
crystallization of the Shabogamo Intrusive Suite at 1431 +7 Ma (from U/Pb data). It is 
therefore, not clear whether amphibole contains a small component of inheritance, in 
addition to the excess Ar which is obvious in the lower temperature steps of the 
spectrum. Although the biotite spectrum shows no independent evidence of excess 
argon, its comparison with the amphibole spectrum and U/Pb titanite data points to an 
interpretation of excess Ar. The excess Ar in this sample therefore, precludes useful 
interpretations of these 40Ar/39Ar ages and so they will not be utilized further. 
7.3.3 Previous 40Arf39Ar Data from the Gagnon Terrane 
The work of Dallmeyer and Rivers (1983) in western Labrador, principally in 
what is now known as the Gagnon Terrane, yielded results comparable to this study. 
Biotite typically exhibited excess argon and therefore yielded inversely discordant ages 
relative to co-existing amphibole. The amphibole plateau ages ranged between 968 Ma 
and 905 Ma, consistently younger than amphibole and muscovite ages in the adjacent 
Molson Lake Terrane. This implies that cooling must have been diachronous across the 
parautochthonous terranes late in the Grenvillian Orogeny, with temperatures in the 
Molson Lake Terrane reduced below the closure temperature for Ar in amphibole 
before those in the Gagnon Terrane. 
7.4 Summary of 40Ar/39Ar Ages: Molson Lake and Lac Joseph Terranes 
The 40Ar/39Ar data presented above complement the U-Pb data by confrrming ages 
of some of the metamorphic events and yielding information about other lower 
temperature events that are not recorded by the U-Pb systematics. They thus contribute 
several critical pieces of information towards the tectonic model for the Grenville 
Province in western Labrador. 
The 40Ar/39Ar data confirm the U-Pb results that the southwestern part of the Lac 
Joseph Terrane was subjected to an amphibolite facies retrogression event at about 1281 
Ma. However, as noted previously, the areal extent of this event and its tectonic 
significance are both presently unknown. 4{)Ar/39Ar data from the Lac Joseph Terrane 
imply that the peak ambient Grenvillian temperatures must have been between about 
350°C and 530°C in the interior of the terrane that is, they were above the closure 
temperature of Ar in muscovite but below that of Ar in amphibole. 
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Those 40ArflYAr ages from muscovite, biotite and amphibole separates from 
g1anitoid rocks of the Molson Lake Terrane which do not contain excess argon, 
confirm the conclusions drawn from the U-Pb results that this terrane was 
metamorphosed and penetratively deformed during the Grenvillian Orogeny. The 
similarity between U/Pb ages of 1001 Ma to 990 Ma (defined by the lower intercept 
with concordia of mixing lines defined by zircon, and by the ages of titanite and rutile) 
and the 40Ar/39 Ar ages for biotite and muscovite of about 995 Ma to 985 Ma. imply that 
the Molson Lake Terrane must have cooled rapidly after peak Grenvillian 
metamorphism. 
The presence of syntectonic muscovite dated at 991 ±6 Ma along the margin of 
the Lac Joseph Terrane is independent evidence supporting the U-Pb results which 
suggests that the Lac Joseph Terrane was emplaced over the Molson Lake Terrane at 
about this time. 
The similarity of 40Ar/39Ar ages of muscovite from the Molson Lake Terrane and 
the southwestern margin of the Lac Joseph Terrane suggests that the two areas cooled 
through the closure temperature of Ar in muscovite at about the same time and may 
therefore ;; .. '.'C experienced a comparable cooling history during the late Grenvillian 
Orogeny. This contrasts with the results from the interior of the Lac Joseph Terrane, 
which apparently experienced elevated temperatures until as late as 937±6 Ma (the 
youngest muscovite age), suggesting either that cooling rates were slower or that 
cooling began later in that area. 
Upward heat transfer from the Molson Lake Terrane to the Lac Joseph Terrane 
during the Grenvillian Orogeny is interpreted to have caused sufficient increase in 
temperature such that Ar isotopic ratios in biotite and muscovite were reset. whereas 
those in amphibole were apparently not affected. Superficially, this interpretation is not 
easy to reconcile with the inference that the structural base of the Lac Joseph Terrane 
cooled through the closure temperature of Ar in mica earlier than the interior of the 
terrane. Two explanations. which are supported by independent structural and 
petrological data, are possible: 1) given the evidence of thrust emplacement of the Lac 
Joseph Terrane over the Molson Lake Terrane, it is reasonable to suggest that cooling 
after the attainment of maximum temperature in the Lac Joseph Terrane was principally 
a result of exhumation of the leading edge along the frontal thrusts rather than being a 
result of isostatic uplift as probably occurred in the interior of the Lac Joseph Terrane; 
and/or 2) the widespread presence of retrograde muscovite along the ba~.e of the Lac 
Joseph Terrane attests to the pre:K!nce of H20 rich fluids, which may have resulted in 
the cooling of the base of the terrane before the anhydrous interior. The occurrence of 
hematite with muscovite in the retrograde assemblages is consistent with a meteoric 





Data presented in this thesis constrain the timing and conditions of thermotectonic 
events in the Grenville Province of western Labrador; this chapter begins with a review 
and summary of these constraints, discusses their implications, and follows with 
descriptions of a tectonic model for western Labrador which accommodates most of the 
available data. 
8.2 l..abradorian Orogeny 
8.2.1 Lac Joseph Terrane: Labradorian Orogeny 
Geochronological data from this and previous studies (for review of previous 
work, see Nunn et aJ . 1985) indicate that the terranes of the Polycyclic Allochthonous 
Belt in Labrador, including the Lac Joseph Terrane, experienced regional 
metamorphism, widespre..t~ mafic and granitic intrusive activity and penetrative, 
polyphase deformation during the Labradorian Orogeny. 
8.2.1.1 Intrusive Rocks of the Lac Joseph Terrane 
U-Pb ages of 1672 and 16 i 9 Ma for granitoid rocks in the Lac Joseph Terrane 
(Krogh, 1983; Brooks. 1983) imply that granite emplacement took place over 
approximately 50 m. y. during the Labradorian Orogeny. Although only two granite 
bodies have been dated , the contact relationships with the Llbradorian migmatites, the 
high state of strain and the similar fabric orientations to those in the host rocks suggests 
that much of the granitic plutonism in the Lac Joseph Terrane was Labradorian in age. 
On the basis of U/Pb data collected in this study, it can be stated that the Labradorian 
Orogeny extended from 1658 Ma to 1611 Ma. 
A gabbronorite intrusion dated at 1623±7 Ma (U-Pb, zircon and rutile; this study) 
has established that basic plutonism also occurred during the Labradorian Orogeny, but 
the extent of the time interval over which this suite was emplaced has yet to be 
established. The i623 ± 7 Ma age is thought to be representative of the 
medium-grained. relatively undeformed, post-peak metamorphism, mafic intrusive 
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bodies which have not been extensively recrystallized. The occurrence of extensively 
recrystallized metabasites which have only relict igneous textures suggests that malic 
magmas were also intruded before and/or during the thermal peak of the Labradorian 
Orogeny. Future refinements to the tectonic !llodel of the Labradorian Orogeny in 
western Labrador will depend on resolving the age range of the early basic intrusions. 
their genetic links, if any. with the granitoid rocks and their contribution to the thermal 
budget during Labradorian metamorphism. 
8.2.1.2 Metamorphism and Defonnation of the Supracrustal Rocks of the Lac 
Joseph Terrane. 
The intrusion of the earliest granitoid bodies was followed by regional partial 
melting of the host pelitic and basic supracrustal rocks; the oldest U/Pb date from the 
N 1 leucosomes in the metapelites is 1658+ 38/-10 Ma, which overlaps within error with 
a poorly constrained age of 1648 Ma for the metamorphism and partial melting of the 
basic gneisses. The N1 leucosomes in the metapelites were folded prior to the formation 
of N2 1eucosomes (probably by injection), an example of which has been dated at 
1639+ 12/-7 Ma. 
F2 folds typical1y deform the N2 leucosomes implying that F2J folding postdated the 
formation of N2 leucosomes in the supracrustal rocks. Ductile mylonite zones in the 
supracrustal rocks, dated at 1634 + 13/-4 Ma. cut across both the N1 lcucosomes and F lJ 
folds, indicating that F21 folding must have commenced by this time. The area continued 
to be subjected to thermal effects of the Labradorian Orogeny as late as 1611 + 13/-6 
Ma, the youngest age determination for zircon and monazite from leucosomes of the 
pelitic migmatites from the southwest margin of the Lac Joseph Terrane. Although it is 
not possible to rule out the possibility that periods of crustal extension prevailed 
intermittently, the pre- and post-N2 folding and mylonitization at 1634 + 13/-4 Ma 
suggests that the Labradorian Orogeny was principally compressional in character. 
8.2.1.3 Development of Mineral Assemblages in the Supracrustal Rocks of the 
Lac Joseph Terrane. 
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In order to correlate P-T estimates from the restite assemblage in the migmatites 
of the Lac Joseph Terrane with a specific thermotectonic event. the age of 
crystallization and equilibration of the restite assemblage is required. Sillimanite and 
biotite are folded around Fu folds and oriented parallel to the F2J axial surfaces. This 
indicates that the sillimanite - biotite- garnet- ma~netite assemblage in the restites 
crystallized both before and during the Fu folding event. The syn-kinematic nature of 
this restite assemblage in the 1634+ 13/-4 Ma shear zone indicates that these minerals 
are Labradorian. Randomly oriented muscovite overprints sillimanite in a metamorphic 
aureole around the 1133+5/-5 Ma old Fleur-de-Mai granite (Emslie and Hunt, 1990) 
providing independent evidence that the sillimanite-bearing subassemblage is 
pre-Grenvillian. 
Geothermobarometry, combined with U-Pb data which constrain the ages of the 
mineral assemblages, indicates that the southwest and northeast regions of the Lac 
Joseph Terrane were metamorphosed under pressures between 3 and 8 kbar and 
temperatures from 575 to 800°C during the Labradorian Orogeny. Pressure estimates in 
the northwestern domain of the Lac Joseph Terrane are between 6 and 10 kbar, with 
temperature estimates from 700 to 850°C. This indicates that pressure, and to a lesser 
extent temperature, increased along the present erosion surface from southeast towards 
the northwest in the Lac Joseph Terrane during the Labradorian Orogeny. 
8.2.2 Molson Lake Terrane: Labradorian Orogeny 
The Molson Lake Terrane comprises some Labradorian lithotectonic elements 
which are both similar to and distinct from those in the Lac Joseph Terrane. Although 
only a single U-Pb age of 1648±7 Ma is presently available from the granitic rocks of 
this terrane, it is proposed that the majority of granitoid rocks were formed during the 
Labradorian Orogeny, and were therefore emplaced synchronously with Labradorian 
migmatization and deformation in the Lac Joseph Terrane. These granites were not 
partially melted. rt.-crystallized or penetratively deformed during the Labradorian 
Orogeny and therefore lack Labradorian metamorphic assemblages, thus precluding 
determination of the P-T conditions in the Molson Lake Terrane at this time. The 
granites in the Molson Lake Terrane are interpreted to be a westerly continuation of the 
Trans labrador Batholith, which has been dated by zircons between 1654 ±II Ma and 
1635 Ma farther east (Krogh, 1983). 
8.2.3 Churchill Falls Terrane: Labradorian Orogeny 
The Churchill Falls Terrane contains tectonic and lithologic elements which arc 
comparable to those in both the Molson Lake and lac Joseph terranes. The 
southeastern part of the terrane is dominated by supracrustal, pelitic migmatites 
identical to those in the Lac Joseph Terrane, whereas the northern part of the Churchill 
Falls Terrane contains granite and gabbro comparable to rock units in the Molson Lake 
Terrane. 
8.2.4 Gagnon Terrane: Labradorian Orogeny 
The Gagnon Terrane comprises a pre-Labradorian continental margin sequence of 
supracrustal rocks which were deposited unconformably on the eastern edge of the 
Archean Superior Province. Labradorian fabrics have not been identified in rocks of the 
Gagnon Terrane. 
8.2.5 LithotKtonic Links Between the Terranes of Western Labrador During 
The Labradorian Orogeny 
The similarity of the age of granite emplacement in the Molson Lake Terrane and 
the age of migmatization and igneous activity in the Lac Joseph Terrane suggests that 
these two terranes were both affected by the Labradorian Orogeny and, by extension, 
may have been proximal to each other at this time. The occurrence in the Churchill 
Falls Terrane of lithologies characteristic of the Molson Lake and Lac Joseph terranes 
(Nunn et at., 1984; Nunn and Christopher, 1983), and the lack of evidence for 
Grenvillian shear zones between these lithologies implies that the Molson Lake and Lac 
Joseph terranes were proximal, if not juxtaposed, by the end of the Labradorian 
Orogeny. 
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The unconformable contact between the supracrustal rocks of the Gagnon Terrane 
with the Superior Province provides an unequivocal link to the pre-Labradorian, stable 
North American craton. The presence of satellite plutons of the Trans Labrador 
Batholith in the southwestern Churchill Province (Nunn et al., 1985), also part of the 
stable pre-Labradorian North American craton, indirectly establishes terrane linkage 
between the Gagnon Terrane and the Labradorian reeks in the Molson Lake, Churchill 
Falls and Lac Joseph terranes by the end of the Labradorian Orogeny. 
The establishment of a link between the Gagnon and other terranes of western 
Labrador during the Labradorian Orogeny leads to two possible conclusions: 1) as the 
f<-reland to the Labradorian Orogeny, the Gagnon Terrane was northwest of the 
Labradorian thermotectonic front; or 2) although not yet recognized, the Gagnon 
Terrane was deformed during the Labradorian Orogeny. Although this study has no 
new information to further address this question, it seems probable, given the scale and 
intensity of the Labradorian Orogeny in adjacent terranes, the Gagnon Terrane may 
have been at least locally affected by the Labradorian Orogeny. Brown (1991) reported 
the existence of fabrics in the Gagnon Terrane, north of Ossokmanuan Lake, which are 
cross-cut by dykes of the Shabogamo Intrusive Suite, thus establishing the existence of 
at least one generation of pre-1431 ± 7 Ma fabrics. However, he interpreted this fabric 
to have been generated during the Hudsonian Orogeny rather than the Labradorian 
Orogeny. 
8.3 The Interval Between the Labradorian and Gre-nvillian Orogenies 
8.3.1 Lac Joseph Terrane 
It has been determined by U-Pb and 40Ar/l9Ar geochronology that the Lac Joseph 
Terrane was affected by two recrystallization events, both of unknown areal extent, in 
the time interval between the Labradorian and Grenvillian orogenies. 
Although the cause of the recrystallization of monazite at 1403 Ma is presently not 
understood. this age indicates that there must have been at least a localized thermal 
event at this time. The lack of any established relationship between the monazites which 
were analyzed and any other features (i.e. structural, metamorphic or mineralogical) 
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precludes a detailt:d interpretation of the tectonic significance of this age. The spatial 
association of this sample to the margin of the Lac Joseph Terrane may indicate that the 
southeastern margin of the Lac Joseph Terrane was active as early as 140J Ma. That 
this monazite recrystallization age is close to the intrusion age of the Shabogamo 
Intrusive Suite invites speculation that the event responsible for the intrusion of thb. 
basic suite in the presently adjacent terrane may have affected the Lac Joseph Terrane. 
This would imply that the Lac Joseph and Molson Lake terranes were proximal at about 
this time. 
Mafic granulites in the southwestern domain of the Lac Joseph Terrane 
experienced penetrative amphibolite facies retrogression producing titanite. which has 
yielded concordant U-Pb ages of ca. 1281 Ma. This is in good agreement with the 
~0Ar/39Ar 1260 Ma age for one fraction of amphibole from the same sample. Since both 
minerals can be related to the stable metamorphic assemblage. the age of the 
retrogression is confirmed to be ca. 1281 Ma. This age is similar to 1260±5 and 
1241 ±3 Ma 40Ar/39Ar ages determined for amphibole in the Groswatcr Bay and Lake 
Melville terranes of the eastern Grenville Province (van Nostrand. 1988). Although 
funher work is required to determine the spatial extent of the amphibolite facies 
retrogression in western Labrador. it would appear that this event may have had 
regional significance. On the other hand, if the retrogression is restricted to the margin 
of the Lac Joseph Terrane. it would provide additional evidence to indicate that the 
terrane boundary has experienced a long history of tectonothermal activity . 
8.3.2 Parautochthonous Tt>rranes: Molson Lakt>, Churchill Falls and Gagnon 
Terranes 
Gabbroic rocks of the Shabogamo Intrusive Suite were emplaced as dykes and 
irregular bodies into the Molson Lake, Churchill Falls and Gagnon terranes at 1431 ± 7 
Ma. These rocks are equivalent in age and chemistry to the Michael Gabbro which 
intruded the terranes of the Parautochthonous Belt in eastern Labrador (Sharer, 1986; 
Gower et al., 1990). This unit thus provides the first direct lithological linkage between 
the Gagnon, Molson Lake and Churchill Falls terranes. The apparent anorogenic style 
of intrusion of the Shabogamo Intrusive Suite and correlative Michael Gabbro along a 
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linear belt which extends across Labrador, is compatible with the interpretation that the 
gabbros were intruded in a rifting environment. The absence of gabbros of the 
Shabogamo Intrusive Suite and correlative Michael Gabbro in the terranes of the 
Allochthonous Belt in Labrador, including the Lac Joseph Terrane, suggests that these 
terranes were distal to the rifting zone at this time. 
8.4 The Grenvillian Orogeny 
8.4.1 Lac Joseph Terrane: Grenvillian Orogeny 
Although the lower intercepts of the discordia lines are poorly defined, U-Pb 
analyses of four migmatite samples from the Lac Joseph Terrane indicate that Pb was 
lost from zircon and monazite in the period between 1000 and 1070 Ma. The 
similarities of these lower intercept ages with the generally recognized age of the 
Grenvillian Orogeny suggests that Pb was lost in response to increased temperatures 
during Grenvillian metamorphism in the Lac Joseph Terrane at this time. The lack of 
significant resetting of the fractions analyzed indicates that the temperature increase 
during the Grenvillian Orogeny was either moderate or very brief. 
A granitic dyke, dated by U/Pb methods at 999 +51-3 Ma, cuts across all 
structures and melt phases at the base of th~ Lac Joseph Terrane at Lac Joseph. The 
weak, single foliation in the dyke attests to the style of Grenvillian deformation in the 
Lac Joseph Terrane. This fabric is presumed to be correlative with the 
northwest-trending F31 folds which are documented very locally in the Lac Joseph 
Terrane. The general lack of mineral recrystallization associated with this late folding 
event further attests to the low temperatures which prevailed in the Lac Joseph Terrane 
during the Grenvillian Orogeny. 
The 40Ar/39Ar data provide the greatest constraints on the temperature conditions 
in the Lac Joseph Terrane during the Grenvillian Orogeny. The resetting of muscovite 
in the Lac Joseph Terrane between 980 Ma and 940 Ma suggests that temperatures 
reached a minimum of about 350°C throughout the terrane during the Grenvillian 
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Orogeny. However. the preservation of the 1 ~81 Ma age from an amphibole fraLtil'n in 
the southwestern pan of the Lac Joseph Terrane indicates that temperatures did not 
exceed about 530°C at that locality after 1~81 Ma. 
This study has determined, therefore. that the Lac Joseph Terrane was essentially 
assembled by the end of the Labradorian Orogeny. Although mineral recrystalli7.ation 
has been documented to have occurred sporadically during the period between the 
Labradorian and Grenvillian orogenies. there is no evidence to suggest that these 
post-l...abradorian events created new crust or significantly altered the geometry of the 
Labradorian structures. Although there is no evidence of penetrative Grenvillian 
mineral recrystallization in the Lac Joseph Terrane. the results of gcothcrmobaromctry . 
U-Pb and ~0Ar/39Ar analyses all independently indicate that this terrane was at least 
locally heated during the Grenvillian Orogeny. Upward heat transfer apparently 
occurred along the base where consistent evidence of phase disequilibrium was noted 
and contrasts with equilibrium phase relations in the interior of the terrane. 
8.4.2 Molson Lake Terrane: Grt>nvillian Orogeny 
Although only a minor amount of juvenile crust is known to have formed in 
western Labrador during the Grenvillian Orogeny (Connelly , unpub. U-Pb data). the 
Molson Lake Terrane was penetratively recrystallized and deformed during this event. 
Titanite and rutile crystallized between 990- 1001 Ma, while Pb in zircons was 
partially to completely reset towards a lower intercept of similar age. 4JJAr/WAr ages 
from those samples of biotite and amphibole not containing excess Ar suggest that these 
minerals were closed to Ar between about 1020 and 995 Ma. 
P-T conditions in the highest grade zone of the Molson Lake Terrane are 
estimated to have varied between 8-12 kbar with temperatures between 650 and 850nC. 
These estimates, from the southwestern pan of the Molson l...ake Terrane, are 
considered to represent the upper limits for the P-T conditions for this terrane in the 
study area. Lower grade assemblages towards the nonh and east suggest that, at least in 
the southern region, the crust is tilted towards the southeast. This is compatible with 
northwesterly-directed thrusting which would have resulted in tectonic transport of the 
terrane over southeast-dipping ramps. F2M folding of the mineral fabrics, and the 
development of ductile shear zones in the Molson Lake Terrane at this time, attest to 
the compressional nature of the Grenvillian Orogeny. 
19d 
Construction of quantitative P-T-t paths requires that P-T estimates be constrained 
by independent estimates of the time at which the continuous reactions ceased. Only 
isotopic age determinations from minerals with closure temperatures known to 
correspond with a temperature estimated from geothermometry adequately defines an 
absolute age for that temperature estimate. The lower intercept age of 1001 ± 10 Ma 
defined by discordant zircon. with an estimated closure temperature of > 800°C 
(Heaman and Parrish. 1991). indicates that temperatures were in excess of 800°C until 
this time. Since the temperature estimates in the southern Molson Lake Terrane range 
from 850 to 650°C, th•! rocks in this area are interpreted to have experienced the 
conditions defined by the upper segment of the cooling path at about 1001 ± 10 Ma. 
Since there are no isotopic age determination from minerals in the lower temperature 
estimates of the P-T path, no other absolute ages can be defined along the P-T path. 
441Ar/1'*Ar geochron.;,logy provides some constraints on the latter parts of the P-T-t 
paths. The coincidence of the ~Arfl'*Ar muscovite and amphibole ages and the lower 
intercepts of the U-Pb discordia lines suggests that the Molson Lake Terrane 
experienced rapid cooling after the closure of Pb in zircon. 
8.4.3 Timing of Assembly of the Lac Joseph and Molson Lake Terranes 
An upper amphibolite facies shear zone in the Molson Lake - Lac Joseph terrane 
boundary fault system at Lac Emerillon has been dated by U-Pb methods at 995±8 Ma, 
thereby establishing that amalgamation of the Molson Lake and Lac Joseph terranes 
took place during the Grenvillian Orogeny. It should be noted , however, that this age 
comes from a single locality in an anastomosing system of ductile shear zones, and that 
the cessation of movement across the system and the final emplacement of the Lac 
Joseph Terrane may have occurred at different times in different localities alor.tt and 
across the shear zone. 
Additional evidence concerning the timing of juxtaposition of the Lac Joseph and 
Molson Lake terranes comes from the dating of syntectonic . .1uscovite from the 
retrogressed pelitic gneisses in the southwestern margin of the Lac Joseph Terrane, 
which has yielded an 40Ar/39Ar age of 998 Ma. This independent line of evidence is 
consistent with the U-Pb age from the Lac Emerillon shear zone, and thereby supports 
the interpretation that the juxtaposition of the two terranes occurred during the 
Grenvillian Orogeny. The similarity of the U-Pb and 40Ar/WAr ages from widely 
separated localities on the terrane boundary suggests. but does not prove, that cooling 
following tectonic emplacement of Lac Joseph Terrane on the Molson Lake Terrane 
was rapid. 
8.4.4 HPat and/or Fluid Transfpr During Grtnvillian TPrrane Amalaamation 
The preservation of pre-Grenvillian phase equilibria. hornblende 4t'Ar/WAr ages. 
U-Pb zircon and monazite ages. together with the lack of penetrative deformation in the 
Lac Joseph Terrane during the Grenvillian Orogeny. attest to the modest tcmpP.ratures 
that were achieved in this terrane during this event. There is no evidence to suggest that 
the Lac Joseph Terrane underwent regional recrystallization during the Grenvillian 
Orogeny. The preferential distribution of Grenvillian muscovite along the structural 
base of the Lac Joseph Terrane. together with the observation that most of the 
Labradorian mineral assemblages which show evidence of disequilibrium in their 
mineral chemistry also come from near the structural base of the terrane, suggests that 
heat, and probably fluids. were transferred to the Lac Joseph Terrane from the 
underlying Molson Lake Terrane. The coincidence of the estimated age of shearing 
along the marginal Lac Emerillon shear zone with the 41'Ar/~'~Ar age of syntectonic 
muscovite, retrogressed from sillimanite, at the base of the Lac Joseph Terrane, 
indicates that heat/fluid transfer occurred as the Lac Joseph Terrane was emplaced over 
the Molson Lake Terrane during the Grenvillian Orogeny. 
The limited extent of recrystallization in the Lac Joseph Terrane during the 
Grenvillian Orogeny must be explained. Two possible explanations are given here, both 
involving the late tectonic emplacement of the Lac Joseph Terrane on the Molson Lake 
Terrane: (a) emplacement of the Lac Joseph Terrane continued after the peak 
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metamorphic conditions in the Molson Lake Terrane, such that the leading edge of the 
lac Joseph Terrane ac~ as a major heat sink as it moved over the Molson Lake 
Terrane; or (b) the emplacement of the lac Joseph Terrane was late, occurring after the 
Molson Lake Terrane had been partially uplifted and cooled. Although each of these 
models is superficially attractive. neither satisfactorily accounts for all the data. Model 
(a) would require that there was extensive Grenvillian recrystallization of the leading 
a!ge of lac Joseph Terrane, evidence of which is lacking (although it may have existed 
above the present erosion surface). Model (b) necessitates the existence of significantly 
younger ages for the terrane boundary shear zone than for the regionally metamorphism 
of the Molson Lake Terrane. Available data indicate the terrane boundary shear zone 
was active at 990± 12 Ma and became closed to Ar at about this time, and that 
metamorphism of the Molson lake Terrane took place between 1001-990 Ma, 
essentially synchronous within the limits of resolution of the data. However, the 
similarity between the U-Pb and 4UAr/39Ar ages in the Molson Lake Terrane does 
indicate that exhumation and cooling were rather rapid such that the time interval 
between peak metamorphism in the Molson Lake Terrane and the final emplacement of 
the Lac Joseph Terrane may have been minimal. This observation is consistent with 
model (b) but does not prove it. 
8.4.5 Summary of the Grenvillian Orogeny in Western Labrador 
The thermal peak of the Grenvillian Orogeny in western labrador took place prior 
to 1001 ± 10 Ma (the oldest Grenvillian lower intercept of a discordia line defined by 
zircon from the Shabogamo Intrusive Suite in the Molson Lake Terrane) approximately 
coeval with large-scale crustal shortening of all the terranes in the Parautochthonous 
Belt. The manifestations of this orogeny vary considerably across the preserved 
remnants of the Parautochthonous Belt: i.e. fold and thrust tectonics in the supracrustal 
rocks of the Gagnon Terrane: penetrative deformation, recrystallization and associated 
folding in the Molson Lake and Churchill Falls terranes; and major shear zones along 
terrane boundaries. The Molson Lake Terrane was rapidly exhumed and cooled after 
peak metamorphism. 
The Lac Joseph Terrane was apparently emplaced over the Molson Lake and 
Churchill Falls terranes late in the Grenvillian Orogeny as a pre-assembled package and 
experienced heating to 350"C to 530°C and mild internal folding. with penetrative 
recrystallization and hydration only along its structural base. Labradorian phase 
equilibria and thermally robust isotopic systems were not significantly disturbed in the 
interior of the Lac Joseph Terrane at this time. A minimum transport distance of 
approximately 120 km for the Lac Joseph Terrane relative to the underlying Molson 
Lake and Churhill Falls terranes would account for the distance between the southeast 
margin of the central tectonic window and its present northwestern leading edge. 
8.5 Tectonic Models 
8.5.1 Pre-Labradorian Gt>ometry 
The spatial superposition of two major thermotectonic events, the Labradorian and 
Grenvillian Orogenies, along the southeastern margin of the North American craton 
renders an accurate account of the tectonic configuration prior to the onset of the 
Labradorian Orogeny difficult. However, it is clear that in Labrador. dramatic 
lithological, structural and metamorphic differences are preserved in the 
pre-Labradorian margin of North America. Western Labrador. dominated by an r:.arly 
Proterozoic shelf sequence which originally rested unconformably on the margin of the 
Archean Superior Province, underwent crustal shortening and metamorphism during the 
Early Proterozoic Hudsonian Orogeny. Subdivisions of the southern Churchill Province 
trend north-south into the presumed former location of the Labradorian orogenic front. 
Further east the reworked Archean and juvenile Early Proterozoic supracrustal and 
plutonic rocks of the Makkovik Province, all with northeast-trending tectonic fabrics, 
are intruded by the Trans Labrador Batholith. This diverse structural and lithological 
character of the pre-Labradorian stal)le craton contrasts strongly with the continuity of 
the pelitic supracrustal and associated plutonic rocks which exist in a 700 km long belt 
in the present Grenville Province of Labrador. The lack of any lcnown lithological link 
between the high grade Lai.Jradorian terranes and the craton prior to 1670 Ma strongly 
implies that the supracrustal rocks in the Labradorian terranes were exotic with respect 
to North America prior to the Labradorian Orogeny. 
8.5.2 Labradorian Orogeny 
The Labrador Orogen in western Labrador is characterized by the presence of 
large volumes of granitoid and gabbroic intrusive rocks, and so the Labradorian 
Orogeny was clearly a major crust forming event. Tectonic modelling of the orogenic 
process is constrained by two first order observations: 1) Labradorian magmatism 
extended from the Nonh American craton in the nonh (southeastern Churchill 
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Province) at least as far south as, and into, the Labradorian pelitic migmatite belt; and 
2) the pelitic migmatite belt appea~s to have been exotic with respect to Nonh America 
prior to the Labradorian Orogeny. Point I implies that the granitoid rocks of the 
Molson Lake Terrane and other parautochthonous terranes are pan of a continental 
magmatic arc founded on the edge of the Nonh American craton; point 2 implies that a 
suture must have existed between the pelitic migmatite terranes and the Molson Lake 
Terrane (which, as previously discussed, was linked to Nonh America during the 
Labradorian Orogeny). Since there are granitoid intrusive rocks of comparable age C'n 
both sides of the proposed suture, it is suggested that subduction zoJ'Ies existed beneath 
both the margin of the Nonh American craton and the approaching pelitic migma.tite 
terranes during the Labradorian Orogeny. This implies that oceanic crust was consumed 
along both margins, culminating with the collision of the two continents (Fig. 8-la-c). 
The subduction zones under each margin gave rise to distinct intrusive suites; those in 
the Molson Lake Terrane comprises a two-mica to hornblende-bearing granitic: to 
granodioritic suite, whereas Labradorian intrusive rocks in the Lac Joseph Terrane 
range from gabbronorite to charnockitic rapak.ivi granites. This does not implicitly 
r~uire that subduction was coeval along both margins or that it was contim,<:>us for the 
entire duration of the Labradorian Orogeny. Instead, active subduction, and rr.agma 
generation, may have switched from one margin to the other during the prolonged 
Labradorian Orog~ny (minimum 50 m.y.). The geochronological data base is presently 
insufficient to identify separate pulses of magmatic activity during this event. 
The approximately synchronous emplacement of granitic and mafic magmas into 
the Lac Joseph Terrane suggests a causal link between the two rock types. It is 
proposed that basic magma, generated in a subduction environment beneath the Lac 
a. Oceanic crust ia subducted beneath the NA craton and Lac Joseph Terrane 
(LJT). Subduction beneath the WT leada to the generation of mafic magmas wh1ch 
pond in the lower crust. causing granitoid partial melts. Granito•d melts are 
emplaced into the mid-crustal levels of the WT. lowering the density of the 
lower crust. thus encouraging basic magma ascent. A granitoid magmatic arc 1s 
established on the margin of the NA craton above the NW d•pping subduction zone; 
no Labradorian mafic intrusive rocks have been identified in the ML T. 
b. Granitic and mafic magmas are emplaced at different levels in the Lac Joseph 
Terrane while gra1nitoid rocks continue to intrude into the Molson Lake Terrane 
Plutonism leads to increased T and partial melting in the Lac Joseph Terrane. 
c. Plutonism ceases w~h the collision of Lac Joseph Terrane w1th the arc. 
Partial melting in the Lac Joseph Terrane ceases as temperatures decrease. 
d. Extension and separation of the Lac Joseph and Molson Lake terranes. 
Shabogamo Intrusive Suite emplaced at 1431 Main tensional environment. 
Figure 8-1: Tectonic models for the Labradorian Orogeny and the 
emplacement of the Shabogamo Intrusive Suite at 1431 Ma. 
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Joseph Terrane, ponded in the lower crustal levels due to inadequate buoyancy (Fig. 
8-la), and caused heating of the surrounding rocks, leading to partial melting of the 
lower crust and the generation of granitic magmas. These magmas rose through the 
crust and crystallized in the mid-crustal levels between about 16 n and 1619 Ma. the 
range of U-Pb ages for this suite (Fig. 8-1 b). The emplacement of granitoid rocks 
resulted in elevated temperatures in the mid to upper crust which led to upper 
amphibolite to granulite facies metamorphism and extensive in-situ partial melting of 
the host supracrustal rocks. 
.:u. 
Although this model suggests that mafic magmas were generated in a subduction 
environment early in the Labradorian, U-Pb data indicate that the final emplacement 
and crystallization of mafic magma actually post-dates early Labradorian granitic rocks 
and initial partial melting of the supracrustal rocks. The final ascent of the mafic 
magrr,<ls may have been facilitated by more ductile conditions in the lower and 
Mid-crustal levels after heating and rise of the granitic magmas and/or an increased 
density of the host rocks after the departure of the granitic magmas. It is predicted, 
therefore, that future geochronology will reveal that basic magmas crystallized earlier 
in the Labra1orian Orogeny than is presently known: the recrystallized, two-pyroxene 
granulite metabasites are consid.!red the most likely candidates for such early basic 
magmas. 
The Molson Lake Terrane represents part of the main Labradorian magmatic arc 
in western Labrador. The lack of geochemistry from the suite in this area precludes 
detailed speculation on the origin and petrogenesis of these rocks beyond the 
interpretation that granitoid magmas were generated in response to northwestward 
directed subduction extending beneath the margin of the pre-Labradorian North 
American craton. 
On the basis of work in eastern Labrador, Kerr ( 1989) concluded that 
northwestward subduction of oceanic crust beneath the North American margin was 
responsible for the generation of the Labradorian granitoid suite in the Trans Labrador 
Batholith, of which the Molson Lake Terrane is believed to be the westerly extension . 
Based on detailed geochemical analyses of Sm/Nd, Rb/Sr and rare earth elements, he 
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concluded that subducted oceanic crust and sediments were partially melted to form 
slab-derived granitic magmas. He envisaged the upward transport of volatiles and 
granitic melts from the subducting slab which resulted in the generation of mafic 
magmas in the overlying mantle wedge. Kerr ( 1989) suggested that the granitic magmas 
were emplaced in the mid to upper crust as intrusive and extrusive rocks, whereas the 
mafic magmas were emplaced at greater depth. Detailed geochemical work is required 
in western Labrador to determine whether Kerr's (1989) petrogenetic model for eastern 
Labrador is applicable. 
8.5.3 Labradorian - Grenvillian Events 
The linear belt of "anorogenic" mafic intrusions of the Shabogamo Intrusive Suite 
and Michael Gabbro extending across Labrador attests to a period of crustal-scale 
extension after th~ collisional Labradorian Orogeny (Fig. 8-ld). Although the age of 
emplacement of these intrusions has been established at 1431 ± 7 Ma, there are no data 
available to determine the beginning or end of this extensional period. Utilizing the 
observation that there are no dykes correlated with the Shabogamo Intrusive Suite or 
Michael Gabbro in any of the allochthonous terranes. it is inferred that the Lac Joseph 
Terrane was distal to the North American margin at this time. 
The presence of 1403 Ma monazite in a leucosome of pelitic migmatite along the 
southwest margin of the Lac Joseph Terrane suggests that this area was affected by 
elevated temperatures at this time. Unfortunately, this monazite has not yet been 
correlated with any metamorphic or structural elements in this area and so the 
significance of this age is enigmatic. The proximity of this sample to the margin of the 
Lac Joseph Terrane may indicate that temperature increased along the terrane margin as 
it interacted with another terrane to the west. This would imply that the present margin 
existed as early as 1403 Ma. 
The southern Lac Joseph Terrane was affected by a penetrative amphibolite facies 
retrogression at approximately 1281 Ma to 1260 Ma, the extent of which is presently 
unknown. Further geochronology from other ;ueas of amphibolite-facies rocks will be 
required to determine whether the mafic rocks in the Lac Joseph Terrane were 
extensively affected by this event. 
8.5.4 Grenvillian Orogeny 
The pre-Grenvillian period of crustal extension and mafic dyke injection was 
followed by a major period of shonening during the Grenvillian Orogeny which is 
interpreted to be due ~o the convergence of the Lac Joseph Terrane and the terranes 
marginal to the pre-Grenvillian North American craton to the northwest. Although the 
consequences and tectonic styles of the Grenvillian Orogeny vary considerably in 
western Labrador, it essentially resulted in the re-assembly and telescoping of 
Labradorian terranes in a northwest-directed collisional event. The general lack of 
volumetrically significant Grenvillian magmatism in the study area suggests that a 
significant magmatic arc was not established in the Grenville Orogen of western 
Labrador during this compressional event and probably precludes the earlier presence 
of a significant pre-Grenvillian oceanic crust between the Lac Joseph and Molson Lake 
Terranes. This would imply that the Lac Joseph Terrane was not far-travelled during 
the extensional period during the emplacement of the Shabogamo Intrusive Suite. The 
Gagnon, Molson Lake and Churchill Falls Terranes were extensively deformed and 
penetratively recrystallized during the Grenvillian Orogeny. 
The tectonic models for the re-assembly of the Molson Lake and Lac Joseph 
terranes during the Grenvillian Orogeny must account for the following constraints: I) 
the exposure of high pressure - moderate temperature metamorphic assemblages in 
southwest Molson Lake Terrane; 2) rapid cooling, probably implying rapid uplift, after 
metamorphism at about 1001 ± 10 Main the Molson Lake Terrane; and 3) an absence 
of penetrative metamorphism in the Lac Joseph Terrane during the Grenvillian 
Orogeny. 
Two models are proposed to for the Grenvillian Orogeny in western Labrador: I) 
internal imbrication and thrusting of the Molson Lake Terrane (Fig. 8-2); and 2) 
a. Pre-Grenvillian configuration prior to thrusting. Dashed line represents 
position of future thrusts; dash·dotted line represents 30 km ( 10 kbar) depth. 
b. lrtternal imbrication and thrusting commences in the Molson Lake Terrane as 
the Lac Joseph Terrane impinges. 
c. The thrusting of hot crustal sheets over cool results in elevated 
pressures and temperatures, which in turn leads to regional metamorphism 
and deformation in the Molson Lake Terrane. 
d. Rapid uplift and erosion leads to rapid cooling of the Molson Lake Terrane. 
e. The Lac Joseph Terrane Is emplaced late in the Grenvillian Orogeny after 
peak r •. etamorphism in the Molson Lake Terrane. 
Figure 8-2: Model1 for the tectonic evolution of western Labrador 
during the Grenvillian Orogeny. 
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exposure of lower leve:s of the Molson I...ake Terrane through deformation and 
exhumation of the leading edge along a crustal scale detachment zone (Fig. 8-3). For 
reasons outlined in the discussion of these models below, model 2 is favoured. 
8.5.4.1 Model I: Internal Imbrication of the Molson Lake Terrane 
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In this model, the Molson Lake Terrane was thickened by a series of 
southeast-dipping, crustal-scale thrusts which led to depression of the crust (Fig. 8-2b 
and c). Initial uplift and erosion rates must have been slow enough to permit 
temperature increases at mid-structural levels, a consequence of thrusting hot rocks 
over cool. These elevated P-T conditions resulted in the crystallization of high P-
moderate T assemblages in the western portion of the Molson Lake Terrane, 
represented by Point R on Figure 8.2c. These assemblages must have been brolight 
tJwards the surface by isostatic crustal rebound and/or continued thrusting coupled with 
rapid erosion. Late in the Grenvillian Orogeny, it became mechanically more 
favourable for the shortening strain to be accommodated in the Lac Joseph Terrane. 
The subsequent formation of a detachment zone at the brittle-ductile transition (Fig 
8.2d) resulted in ductile deformation in the lower crust of the Lac Joseph Terrane while 
the upper crust moved along the detachment zone and over the Molson Lake Terrane, 
further cooling the underlying rocks. The present erosion surface is shown in Figure 
8.2e. 
This model requires initial slow uplift rates, followed by rapid uplift and erosion 
to facilitate preservation of high pressure assemblages in the Molson Lake Terrane, but 
does not provide an adequate explanation for why these contrasting conditions should 
have occurred. 
8.5.4.2 Model 2: Exhumation Along a Frontal, Crustal-Scale Thrust Fault 
In this model, shortening by ductile deformation and exhumation of the leading, 
northwestern margin of the Molson Lake Terrane along a crustal-scale, 
southeast-dipping thrust fault, is comparable to the orogenic models of Jamieson and 
Beaumont ( 1989). The rapid exhumation of the Molson Lake Terrane over the Gagnon 
Terrane accounts for the sustained elevated temperatures in the Gagnon Terrane, as 
a. Pre-Grenv1llian configuration prior to thrusting. 
b . Rapid exhumation of leading edge of Molson Lake Terrane along a major 
detachment zone. Rap1d erosion allows continued exhumation. 
c. A second major detachment occurs at the brittle-ductile transition such that 
the upper Lac Joseph Terrane moves northwestward over the Molson Lake 
Terrane. Ductile deformation occurs in the lower Lac Joseph Terrane. 
d. Shortening continues to move the Lac Joseph Terrane over the Molson Lake 
Terrane. Labradorian assemblages preserved in the Lac Joseph Terrane. 
Figure 8-3: Model 2 for the tectonic evolution of western Labrador during 
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evidenced by the younger 40Ar/19Ar amphibole ages (up to 90 m.y.) in the latter terrane:. 
As the elevation along the western margin of the Molson Lake Terrane increased. it 
became mechanically favourable to accommodate shonening in the Lac Joseph Terrane. 
at which time the crust below the brittle-ductile transition deformed in a ductile manner. 
while the upper crust detached and moved nonhwestward over the Molson Lake 
Terrane (Fig. 8-3c). Although not shown in Figure 8.3c, ductile deformation in the 
lower crust and detachment of the upper crust most probably occurred in the southeast 
Molson Lake Terrane at this time. The base of the Lac Joseph Terrane was heated as it 
moved over the Molson Lake Terrane thereby funher cooling the underlying rocks. 
With low temperatures and. therefore, slow reaction kinetics, the pressure increase in 
the Molson Lake Terrane resulting from the emplacement of the Lac Joseph Terrane is 
not recorded by mineral equilibria. 
In this model, the orogenic process provided the means by which rocks that were 
experiencing high P- moderate T conditions deep in a "stable" crust were rapidly 
exhumed and exposed at the surface. This contrasts with the model I, in which the 
orogenic event caused elevated temperatures and pressures at higher crustal levels 
through internal imbrication of the Molson Lake Terrane (placing hot thrust sheets over 
cold), which led to high P- moderate T assemblages and their eventually exposure by 
isostatic uplift ;md erosion. 
8.5.5 Late Grenvillian 
Nonheast-southwest oriented cross folds (F11 and F2M) overprint the Grenvillian 
thrust faults, and reflects a change in the principal shonening direction after thrusting. 
This late cross-folding is responsible for the presently preserved lobate shape of the Lac 
Joseph Terrane and reorienting the marginal shear zones into their present orientation. 
Late brittle faults are also thought to have formed late in the Grenvillian Orogeny and 
may be responsible for the close proximity of high and low pressure assemblages in the 




As the Lac Joseph Terrane was i'ltruded by granitic and mafic magmas and 
regionally metamorphosed and deformed during the Labradorian Orogeny between 
1672 Ma and 1611 Ma, large volumes of granitoid rocks were emplaced into the 
Molson Lake Terrane. Subduction of pre-Labradorian oceanic crust beneath both 
terranes is thought to be responsi!>le, either directly or indi!'ectly, for the granitic and 
mafic magmas emplaced in the overlying terranes, such that a suture is proposed to 
exist between the Molson Lake and Lac Joseph terranes. The details of the 
subduction-related processes which led to the distinct intrusive !:Uites in each terrane 
remain unresolved. 
The coincidence of Labradorian events in the Molson Lake and Lac Joseph 
terranes suggests that they were proximal during the Labradorian Orogeny. The 
collision of the two terranes by late-Labradorian is though to have arrested subduction 
and, secondarily, magmatism, while deformation continued. It is proposed that the 
Molson Lake and Lac Joseph terranes, and indeed the Alloch:honous Polycyclic and 
Parautochthonous terranes across Labrador, were juxtaposed by the end of the 
Labradorian Orogeny. 
The spatial distribution, orientation and anorogenic style of emplacement of 
intrusions of the Shabog41.mo Intrusive Suite suggests that nonh-nonhwest-
south-southeast extension was extant at ca. 1431 Ma. The apparent absence of the 
Shabogamo Intrusive Suite in the Lac Joseph Terrane suggests that post-Labradorian 
rifting resulted in the Lac Joseph Terrane being distal to the site of basic magma 
intrusion. 
2l4 
Grenvillian metamorphism in western Labrador, which peaked prior to 1001 Ma 
(the oldest Grenvillian U/Pb age), resulted in extensive recrystallization and 
deformation in the Molson Lake Terrane but did not penetratively affect the Lac Joseph 
Terrane. This study suggests that the western Molson Lake Terrane was rapidly 
exhumed towards the nonhwest along a crustal scale frontal thrust zone during the 
Grenvillian Orog.!ny. It subseque!ltly became mechanically more favourable to 
accommodate shortening within the orogen by detachment and northwestward transport 
of the upper brittle crust while the lower crust deformed in a ductile maJ'Iner. This 
change in the deformation style led to the emplacement of the Lac Joseph Terrane over 
the Molson Lake Terrane late in the Grenvillian Orogeny, after temperatures in the 
latter had diminished. 
9.2 Future Work 
In an attempt to advance the understanding of the tectonic processes which shaped 
the Grenville Province of western Labrador, new uncertainties are raised which set the 
stage for future research. The proposal of opposed Labradorian subduction zones 
beneath the Molson Lake and Lac Joseph terranes must be tested by future geochemical 
work on the intrusive suites in both terranes. Trace element geochemistry and Sm/Nd 
isotopic studies would place constraints on parental materials for these magmas, thereby 
elucidating the geometry and processes in the proposed subduction zones. Two cryptic 
events at 1403 Ma and 1281 Ma have been identified by U/Pb and 40Ar/1¥Ar 
geochronology. A combination of detailed petrographic and geochronologic work will 
be required to establish the extent and significance of these events which lead to the 
recrystallization of monazite, titanite and hornblende at these times. 
The majority of work in the Grenville Province to date, including this study, has 
necessarily concentrated on documenting the structural and metamorphic histories of a 
specific area. Tectonic models for the Grenville Orogen which rise from such studies 
are typically based upon models which are either theoretically founded (ie. Jamieson 
and Beaumont, 1989) or extrapolated from the more abundant information from higher 
level oroge.• , · .. > the timing and conditions of the events which affected the Grenville 
Orogen becon.~ more accurately quantified, future work will undoubtedly reverse this 
trend and utilize studies of the Grenville Orogen as a data base to understand, and test 
theoretical models of, deep orogenic processes. 
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APPENDIX 1 
MAJOR AND TRACE ELEME.~T WHOLE ROCK ANALYSES 
A representative suite of the major rock units within the map area were submitted 
to the geochemical laboratories of the Newfoundland Depanment of Mines and Energy. 
The analyses are presented in Table Al-l. Unit codes are explained in Chapter~ and 
Figure 2-1 . 
Table A 1-1 : Whole rock geochemisty of samples representative of the 
major rock units in the map area. 
Semple 78 13 1111 358 1274 1327 14 282 442 81 
Unit 1A lA lA 
'" 
lA 1A 1A-M 1A-M IA-1.1 10 
5402 74 35 7030 70 05 78 eo 73 85 117 70 08.20 74.10 70.15 51.45 
Ti02 0 05 0 52 048 044 018 0 .58 028 0.17 052 2 45 
Al203 14.50 14 34 14.78 10 44 1483 18.74 17.51 13.48 15 72 13.54 
F.O 0 45 153 1.82 058 055 2.15 0 .70 0.40 2.05 443 
Fe203 034 153 180 1 72 0 .87 2.35 148 0.75 2 03 8 12 
MnO 0 03 004 0 07 0 .03 0 .04 008 0.05 0.04 0.08 0.31 
MgO 0 28 oae 1.211 0 .41 0 .84 1.35 0 78 0 42 1.18 3.87 
CeO 156 136 1.08 1.10 1.51 1.70 3.71 0118 0.111 11.28 
Na20 2.83 2.48 1.84 2 .14 3 .10 2.48 4.84 228 1.48 0.84 
1(20 4.73 831 4n 3.18 4 .03 3.31 1.47 uo 338 0.42 
P205 005 010 005 0 .04 0 .07 0.05 0.12 0.10 0.04 0 .82 
L01 0.74 0.85 081!1 0.48 083 1.53 1.20 0.87 2.37 1.05 
SUM 1111.110 100.08 118.54 81148 8881 100.00 10015 111170 8883 88 .58 
Ba 827 1080 1110 853 858 885 380 725 837 821 
Sr 238 181 183 228 248 253 484 151 133 222 
Rb 100 148 108 48 85 88 40 124 111 20 
Ge 3 II 8 8 4 8 8 3 8 24 
Nb 1 8 7 I 1 11 8 1 14 83 
Zr eo 115 82 105 53 128 103 118 121 143 
Th 1 73 3 18 2 4 78 34 5 8 
y 8 38 7 17 7 11 53 25 10 41 
La 8 138 41 118 24 45 308 72 34 83 
Ce 12 302 84 132 42 84 585 152 70 1211 
Sample 1148 1023 55 1081!1 228 228 428 43e 310 1328 
Unol 3A 48 4C 4C 78 78 78 78 8 8 
5402 70.60 47.30 47.10 48.35 48 15 4540 47 15 4785 88.60 87 50 
Ti02 0.58 0 .88 1.53 2.74 0 51 1.08 0 13 2117 0 .57 1.10 
Al203 1384 22.85 1852 13.05 17.24 20.07 18.32 14 83 14 58 13.17 
FeO 228 5.71 8.78 10 75 4.85 5 78 4.88 8.43 2.10 2.88 
Fe203 1 01 1.04 2.31 387 3.38 708 3.08 5.33 13e 2.78 
l.lnO 008 011 0.18 024 0.14 0.14 0.13 0.20 0 .08 0 .12 
l.lgO 088 7.73 8.12 0.20 1081!1 5.24 14.47 5.58 0 .111 1.15 
CeO 1.88 11 07 U8 10.41 8IICI 11 .81 8.71 814 1.88 241 
Na20 3.08 2.74 2.44 2.58 2.14 2.37 2.08 3.12 3 .75 2 .58 
K20 43e 018 052 084 0.84 0.18 0.23 1.10 4.52 528 
P205 0.12 012 0 18 0.?.5 0.20 0.04 0.05 0.35 0.18 0.38 
LOI 0.51 0.81 0.27 0.81 0.87 0.32 0.44 0.50 0.58 0 .52 
SUM 88 41 88112 118 a11 8847 88.15 88.53 100.45 88.00 88.88 88.80 
8a 717 81 154 438 572 178 174 424 1030 1300 
Sr 1411 383 231 184 1020 lle<l 7117 314 282 180 
Rb 142 11 111 13e 27 11 12 211 144 88 
a. II 13 25 25 14 25 7 25 a 8 
Nb 17 1 8 II 1 1 54 3 30 35 
Zr 188 711 127 85 53 28 151 111 123 31 
Th 111 1 2 1 1 1 85 2 14 8 y 20 10 21 38 8 5 158 31 58 70 
La 58 3 11 15 18 8 14 22 57 121 






























MINERAL ANALYSES AND FORMULAS 
Mineral analyses, determined by electron microprobe, wt!re utilized to calculat~d 
mineral formulas and site distributions for phases used in geothermometry and 
geobarometry. The mole fractions of components in minerals were calculated following 
the schemes described by authors of the geothermometers and geobarometers in which 
each phase is utilized (except for clinopyroxene in Chapter 4, where the calculation 
scheme is outlined). All mineral formula calculations were based on the assumption that 
Fe ToTAL = Fe •2 (see Appendix 4 for discussion of this assumption). 
GARNET 
The general formula for garnet, calculated on the basis of 12 oxygens, may be 
represented by: 
T = st·~ or n· 3 (Deer et al. 1966), 
Since Al+l in the B site is typically close to the maximum of two cations per formula 
unit, there is no requirement for significant Fe•3 to fill this site such that the andradite 
comJX>nent of garnet is small to insignificant. XMa for garnet is calculated by: 
BIOTITE 
Biotite, when calculated on the basis of 11 oxygens may be represented by the 
general formula: 
A X 3 T 4 0 10 ( 0 fl . C l . F h where: 
226 
~, F • 2 ,_- ·J A l. 3 '" • 2 :\1 .z d T ·• d 
,, = e ' r e ' ' :VI g . ' n an L an 
A= K •I with minor substitution of Na ·I, Ca •2 , Ba • 2 , Rb ·I and cs·•. F, Cl and OH 





The general formula for clinopyroxene, caJculated on the basis of 6 oxygens, may 
be represented as: 
X Y T zO 6 where 
\ . = N' • I C •2 .,. ·2 F •2 d M •2 d . a , a , .v1n , e an g an 
the same in the X and Y sites. 
Newton and Perkins ( 1982) followed site allocation which differs from the general 
scheme above. They suggested that Si and AI fill the T site to a total of 2 cations; the X 
site incorporates Ca, Na, Mn and enough Fe to total I cation, with the remaining AI 
and Fe joining Mg and Ti in the Y site. This scheme, which does not allow for an 
enstatite component, is used in their GADS geobarometer. When calculating mole 
fractions for the geobarometer of Newton and Perkins (1982), XMc for clinopyroxene is 
calculated by: 
while the Xc .. for clinopyroxene is caJculated: 
\"CP.\'., Ca 
· Ca Ca • .Va • .\f11• Fe x .,, 
The mole fraction of diopside for the geobarometer of Newton and Perkins ( 198~) is 
subsequently calculated by: 
\ , C P X = \' X sire \' y Stfl 
• Dto • Ca • Mg • 
In the experimentally calihrated geothermometer of Ellis and Green ( 1979) XMa is 
calculated as MgiMg +Fe based on total Mg and Fe without considering element site 
distribution. 
PLAGIOCLASE 
Plagioclase forms a solid solution between albite and anorthite: 
N a .'ll S i 3 0 8 and C a A l 2 S i 2 0 a. Mole fractions of anorthite utilized in the 
geobarometers of Newton and Haselton ( 1981) and Newton and Perkins ( 1982) are 
based on the At-avoidence model of Kerrick and Darken ( 1975) and expressed by: 
\ • PLC = \' PLC r ( I + X ~~c) 1 
• .1N • Ca L ~ 
where X ~~c repre~ents the ratio Ca/Ca + Na. 
MINERAL ANALYSES 
In the following tables, mineral analyses and mineral formula calculations for 
garnet (GNT), biotite (BIO), plagioclase (PLG) and clinopyroxene (CPX) are grouped 
according to sample number and location of point (core I rim I intermediate I traverse). 
Despite considerable time and effort spent in repeated calibration of the electron 
microprobe, some analyses have weight percent totals that are not correct. For instance, 
total weight percent for some analyses of garnet and plagioclase are in excess of 102% 
and some biotite analyses sum to approximately 94% rather than an expected value of 
about 97%. The source of these errors is not always clear, but in at least some of the 
analyses, it can be traced to Si values, which are stoichiometrically in excess of the 
228 
required amounts. An~lyses of analytical errors with respect to standards is discussed in 
Appendix 4. Table A2-1 includes only analyses utilized in this study for 
geothermobarometric estimates or evaluation of elemental zonation in minerals. 
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Table A2-I: Electron microprobe mineral analyses. 
Sample 77 77 77 
Mm PLG 810 810 
Type RIM CORE RIM 
Code Cl2 C42 C43 
5102 83.88 3888 38111 
T102 0 .00 2.11 2 73 
Al203 22 83 1tl71 111.51 
Cr203 000 000 000 
f.O 0.02 12.71 13.11 
MnO 025 0 .11 0 13 
MgO 000 1•U7 14 85 
c.o 4!ie 000 000 
Na20 I 21 0 .12 0 .08 
K20 0 28 11 111 11 .10 
Sum 811 Ill 85.35 8558 
Sl 2.820 2.734 2 7S3 
Ti 0000 0158 0153 
AI 1182 1.475 14411 
Cr 0000 0.000 0000 
Fe 0.001 0.783 0118 
Mn 0008 0 007 0 008 
Mg 0000 18114 1.1158 
Ca 0 .218 0000 0.000 
Na 0 705 0 017 0 .012 
K 0 018 1.085 1.054 
Sum 41M9 7 912 7.1103 
XMg 0 .000 0.877 0.870 
Al4 0 .180 I 2tl6 1 247 ,.., 
Al6 1002 0.209 w () 0 201 
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235 H5 235 235 
GNT GNT PLG 810 
CORE AIM CORE CORE 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
S.mple: 3e8 3118 388 388 3e8 388 3e8 3e8 368 368 3e8 368 368 Je8 Je8 
Mm: GNT GNT GNT GNT GNT GNT GNT GNT GNT GNT GNT PLG PLG 810 810 
Type TRAY TRAY TRAY TRAY TRAY TRAY TRAY TRAY CORE RIM RIM CORE RIM CORE RIM 














































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2 -I: Electron microprobe mineral analyses. 
Sample. 377 3n 
Mon· !:110 810 
Type CORE RIM 
Code· 041 042 
Si02 3855 37.50 
To02 2 .50 2 25 
Al203 11138 111.43 
Cr203 000 000 
FeO 12 50 12 311 
MnO 000 000 
MgO 15 511 15 75 
C•O 000 000 
N•20 003 0 12 
IUO 10~ 1105 
Sum 1M 48 8548 
So 2 744 2ne 
To 0 141 0125 
AI I 451 1435 
Cr 0000 0000 
Fe 0 715 0 71111 
Mn 0000 0 000 
Mil I 741 I 740 
Co1 0000 0 000 
Na 0 004 0 017 
K I 050 I 045 
Sum 1 e1e 7 808 
--- - --- ------ -
X Mil 0 e811 0 694 
Al4 1 256 1 :'Z1 r . 
Ale 0 195 0 .CIS 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
Sample 40.) 403 403 403 403 403 403 403 Mon CPX PLA GNT GNT CPX CPX PlG PlG 
Typ. INT INT CORE RIM CORE RIM CORE RIM 
Code E25 E31 F01 F02 F21 F22 F31 F32 
Si02 5233 e4 82 37.71 37.80 5032 5180 e4 13 8453 
T102 0 .04 000 0.00 002 027 018 000 0 .04 
Al203 2 J2 21 .58 2188 21.85 2 81 2.07 2084 21 50 
Cr203 004 004 000 0.00 0.01 0 .00 0 .00 000 
FtO 14 38 0.05 28.10 25.78 13.18 11 27 0 .00 000 MnO 0 .57 000 385 311 011 0 .11 1.13 0 .21 
MoO 1152 002 5.05 4.n 10.32 12 10 000 0 .00 
Ceo 1822 3.54 5.18 1.04 18.&4 2041 308 4 43 
Na20 128 eao 0.07 004 143 0.13 lt30 lt22 
K20 002 0 .18 0.03 003 0 .01 0.00 0 .25 0 .21 
Sum 100 73 100.14 100114 100.N NSI 8825 Ill 73 100.11t 
Sl 1 871 2 .1e1 2852 21t74 1M3 1 IMI5 2 873 2 848 
Ti 0001 0 .000 0 .000 0001 0 .008 0 .005 0.000 0 .001 
AI 0103 1121 2028 2.021 0 .121 0083 1.101 1118 
Cr 0001 0 .001 0 .000 0000 0 .000 0.000 0000 0 .000 
Fe 0453 0 .002 1.708 1882 0425 0 .358 0000 0000 
Mn 0 018 0000 0212 0 .257 0 .020 0020 0043 0 010 
Mg 0 847 0.001 0 .581 0 .558 O.SM 0 .184 0000 0 000 
Ca 0 735 0 .117 0 .41t3 0508 0 .813 0830 0 148 0 210 
Na 0094 0 837 0 .011 o.ooe 0 .107 0 .081 0808 o 78e 
K 0001 0 .011 0003 0003 0 .000 0000 0 .014 0 .012 
Sum 4 024 5.002 8041 8011t 4 Ole 4.014 4 887 4 990 
XMg 0 588 0418 0 258 0 248 0 .583 0657 0000 0000 
Al4 0 029 0 .139 0 .048 0026 0 .057 0035 0 .127 0 151 
Al6 0 074 0 882 1.978 1995 0 .071 0 .058 0 974 0 968 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2-l: EltX:lron microprobe mineral analyses. 
Semple: 418 418 418 418 418 418 418 418 418 
Min· GN"l" GNT GNT GNT GNT GNT GNT GNT GNT 
Type: TRAV TRAV TRAV TRAV TRAV TRAV TRAV TRAV TRAV 
Code: E!>4 EM E58 E57 E58 E50 EIIO E61 E62 
Si02 37 24 31135 31178 31143 311.118 35 411 ::8.28 31154 311.75 
Ti02 000 0 .03 002 0 .01 000 0 03 0 .00 0 04 0.06 
Al203 21 78 22 OS 2081 2118 21 .30 20.8" 21 83 2190 21 ... 
Cr203 000 000 001 000 000 000 000 0 00 000 
Fee 3149 32 .34 31 .13 32.16 31 02 32.62 3317 32 29 31 19 
MnO 3 84 3113 3 .78 3 .115 318 3 47 358 3 24 3 21 
MgO 4 .27 4.38 450 4~ 4 23 4 .52 4.111 4 42 3.89 
CeO 100 1.08 088 103 088 104 1011 1.14 1 15 
N&20 0 02 003 0 .01 002 014 0 .05 0.04 0 07 011 
K20 0.00 0 .02 0 .00 0 .03 0 .05 0 .00 0.03 0 02 0.09 
Sum 111184 10018 118.10 1111 us 117.14 118.11 100.73 1111118 87113 
Si 2 878 21112 2 .11111 21150 3.002 2.815 2.8118 2.833 2 988 
Ti 0000 0.002 0001 0001 0000 0 .002 0000 0 .002 0004 
AJ 2 053 2 .082 2004 2.022 2.0411 2.023 20115 2072 2050 
Cr 0000 0000 0001 0000 oooc 0000 0000 0000 0000 
Fe 2108 2 tile 2 .117 2.178 2 107 2.2 .. 1 2218 2 tea 2 121 
Mn 0 .2110 0 .267 0 .258 0 271 0.217 0.241 0 242 0 .220 0 221 
Mg 0 509 0.520 0 .545 0.525 0.512 0553 05411 0 529 (1 471 
Ca 0086 0 .093 0 .085 0089 0.085 0092 0093 0098 0100 
Na 0003 0005 0.002 0 003 0.022 0.008 oooe 0 011 O.Ot7 
K 0000 0 002 0000 0.003 0.005 0000 0 .003 0002 0 .009 
Sum 71196 8 0411 8 008 8 042 7.9111 8 075 8073 8 035 7.9112 
XMg 0 195 0 194 0 205 0194 0 195 0198 0 .19.> 0 196 0 182 
'" A14 0 022 0 088 0.009 0050 0000 0 085 0 102 0 067 0 012 ..
Al6 2 032 1 9114 1995 1 972 2 040 11138 1964 2 005 2 047 .! · 
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Table A2-l: Electron microprobe mineral analyses. 
Semple 424 424 424 424 
M1n CPX CPX PLA PLA 
Type CORE INT CORE CORE 
Code F23 F24 F35 F38 
5102 51 77 52 41 8340 8383 
T102 0 04 0 03 0.00 000 
AJ203 3 07 233 2208 2148 
Cr203 0 02 0 08 0 02 0 .04 
FeO 13 75 12 78 013 012 
MnO 0 41 048 000 001 
MgO 81M1 10 40 0 05 000 
CaO 1882 IIIII 2 811 3 31 
Na20 1 25 1 03 10 00 81111 
1<20 000 000 0 32 030 
Sum 100 111 111138 8884 111118 
s. I IMI2 I 11111 2 834 2 850 
Ti 0 001 0001 0 000 0 000 
AI 0 137 0 104 1.182 1128 
Cr 0 001 0 003 0 .001 0 001 
Fa 0 438 0 408 0 .005 0004 
Mn 0013 0 018 0 000 0000 
Mg 0 563 0 5811 0 003 0000 
Ca 0 BOll 0 BOll 0 137 0 158 
Na 0 0112 0 0711 0 8117 0 8114 
I( 0 000 0000 0 0 18 0 017 
Sum 4 0 14 311112 5 027 5025 
--- ---- - - -- ·· 
----· ----
XMg 0 S63 0 592 0 407 0000 
Al4 0038 0009 0 166 0 150 I · ~ 
.... 
A16 0 099 0 096 0 996 0980 a· 
Table A2-l: Elccrron microprobe mineral analyses. 
Sam ph! 1073 1073 1073 1073 1073 1073 
Mon GNT GNJ PLG PLG 810 810 
Type CORE RIM CORE RIM CORE CORE 
Code A01 A02 A35 A38 A43 A44 
S.02 40 00 384t eo 10 111 .49 35.77 31155 
Tr02 0 00 000 000 001 3 80 3 79 
AJ203 21 47 22 27 24 28 23 47 1660 17 11! 
Cr203 0 01 003 000 000 003 0 02 
FeO 29 73 28 95 003 006 13 48 13 38 
MnO 2 04 208 000 000 0 01 0 03 
MgO 868 8~ 000 000 14 12 14 38 
CaO 0 811 0 88 5117 5011 000 0 02 
Na20 0 02 000 883 8 52 ooe 0 14 
K20 0 00 000 0 14 0 07 906 8117 
Sum 102 84 102 64 118.75 118 71 112113 ~44 
·--- · -- - -·- ·. 
So J 0211 21187 2 710 2 759 2 717 2 722 
To 0 000 0 000 0000 0 000 0 217 0 2 12 
AI 1 916 1 1186 1 278 1 241 1 4811 1 507 
Cr 0 001 0 002 0 000 0000 0 002 0 001 
Ft> 1 883 '832 0 001 0 002 0 851! 0 833 
Mn 0 131 0 134 0 000 0 000 0 001 0 002 
M~ l' ~llO I 008 0000 0 OCiO I 598 1 5116 
C d 0 0 7: 0 071 0 286 0 :45 0 000 0 002 
N- ,, 003 0000 0 747 0 74 1 0 009 0 0 20 
II c1 000 0 000 0 008 0 004 0 878 0 852 
Sum s 0 14 8 0111 5 029 4 993 7 765 7 748 
..... ,.,. ~l .. :,.s: 0 3 55 c 000 C OOJ 0 65 1 u 6 5 :' 
~ · ! (" "' t\ .) 0 013 (' :oo l' :.: ~ , :s:; ' :·s 
Ar6 1 t)lf 1 11:'3 (' 98' 1 000 c =~4 0 ::9 
Table A2-l: Electron microprobe mineral analyses. 
S.mple. 1098 1098 1088 1098 1098 1~ 1088 1088 1098 1098 
Mtn GNT GNT 810 810 GNT .>NT 810 810 PLG PLG 
Type CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM 
Coda: A01 A03 A41 A42 801 802 841 8 42 Z01 Z02 
S.02 3808 38 42 38 10 37.55 38 37 38&4 37 80 3838 82 fl8 8318 
Tt02 000 001 215 2 08 0 02 005 1 ee 1 80 0 04 0 04 
AJ203 2310 2305 15 78 1708 23 28 22 88 17 82 t8 08 23 18 22 44 
Cr203 000 000 000 000 0.00 000 000 000 000 0 01 
F.O 27 58 2808 12.88 12.57 28 45 2881 11 70 11 !>4 000 000 
MnO 150 1 73 0 03 004 288 2 04 000 000 0 02 0 04 
MgO 10 33 883 15 44 15 45 8 02 838 11185 15 71 000 002 
CeO 0 27 OJO 000 000 0 43 0 48 000 003 5 .30 500 
Na20 008 008 o08 007 000 007 0 10 000 138 t B!i 
K20 0 .03 000 1088 10 71 0 04 0 .10 1011 1000 0 21 0 11 
Sum 10184 102 41 83 31 8558 100 28 10161 118.44 8558 81178 81188 
Si 21NI 2810 2 7SS 2n4 21N7 2 8S7 2 7110 2 787 2 781 2 80S 
Ti 0.000 0 .001 0 123 0 .118 0 001 0.003 0081 0098 0 001 0001 
AJ 2.0!>4 2 O!il I 420 1 488 2 .108 2085 1 !il3 I 6!>4 1 211 1 174 
Cr 0 000 0 000 0 000 0000 0000 0 000 0 000 0 000 0 000 0000 
Fe I 738 1142 0 821 0 777 1888 1 848 0 713 0 .703 0000 0 000 
Mn 0 0118 0 111 0002 0 003 0 175 0 132 0 000 0 000 0001 0 002 
Mg 1181 1 110 I 758 1 701 1 033 0 858 1807 1 706 0000 0001 
Ca 0 022 0 024 0000 0000 0 .035 0038 0 000 0 002 0 252 0 238 
Na oooe oooe 0 013 0 010 0 000 0 0 10 0 014 0 000 0 721 0 762 
I( 0003 0 000 1 057 1 ooe 0004 0 0 10 1004 0830 0012 0008 
Sum 8 031 8 064 7 947 7 876 8 000 8 018 7 802 7 791 4 979 4 990 
------ --------- -- ·--·· ·-· ·- --- · 
XMg 0 400 0 378 0 681 0 687 0 378 0 341 0 717 0 708 0 000 1 000 ,_ 
A14 0 052 0090 1 24!> 1 226 0 053 0 043 1 240 1 :?03 0 219 0195 ._ . ex. 
Al6 2 002 1968 0 174 0 262 2 053 2 021 0 273 0 351 0 992 0 980 


















































































































1203 1203 1203 1203 1203 1203 
GNT GNT CPX CPX PLG PLG 
AIM INT CORE AIM CORE CORE 
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Table A2-l: Elcdron microprobe mineral analyses. 
Sample. 1208 1208 1208 
Mon. CPX PLG PLG 
Type AIM CORE AIM 
Code E24 EJe E37 
So02 5034 8388 11214 
To02 005 000 000 
Al203 3 84 21 14 22 08 
Cr203 0 04 000 0 04 
FeO 10 87 0 07 OOfl 
MnO 0 07 000 000 
MgO 12111 0 02 0 .00 
CaO Ill 71 4 55 4 48 
Na20 I 02 814 11411 
K20 0 02 0113 058 
Sum 118 (17 11814 118 53 
So 1 1112 2 883 2 aoe 
To 0 001 0000 0000 
AI 0 172 I 115 I 1«12 
Cr 0 001 0 000 0001 
Fe 0 339 0003 0 002 
Mn 0 002 0 000 0000 
Mg 0 731 0 001 0 000 
Ca 0 802 0 218 0 203 
Na 0 075 0 708 0 822 
" 
0 001 0 053 0 03~ 
S..m 4 038 411511 5 039 
· -··- - ·--· 
~Mil 0 f\83 0 337 0 ooc 
. -
Ao4 () 088 0 137 0 1~4 
t.o6 0 084 ow'S 0 966 
Table A2-l : Electron microprobe mineral analyses. 
Sample 1288 1288 1288 1288 1288 1288 1288 12811 12811 
Mtn· GNT GNT PLG PLG 810 810 GNT PLG 810 
Type CORE RIM CORE RIM CORE RIM CORE CORE RIM 
C?de A01 A02 A35 A3e A43 A44 801 BJe 643 
5102 37e5 311.14 8203 111 75 3808 38111 31150 tiO 57 38 70 
Ti02 004 0 .00 003 000 2 24 1111 004 000 208 
Al203 21.113 2183 24117 24 83 11.811 2002 21 lie 24 32 18.211 
Cr203 000 0 01 000 0 .01 002 002 000 000 0 02 
FeO 28111 27 21 001 0 05 t3n 1210 27 38 0 04 14 t tl 
MnO 7 24 e s1 000 003 008 004 eoa 001 0 07 
MgO 837 eoo 000 000 14.11 12 00 eee 000 14 70 
c.o 1111 155 51111 5111 000 000 1 13 e 21 000 
Na20 0 .00 0 02 7 72 148 004 0 11 0 01 1811 0 14 
K20 0 .02 0.01 0 .10 0 13 11.03 8 .71 001 011 11411 
Sum 101 42 102.78 100.111 100117 11027 114311 102 n 100 18 e58tl 
5I 2.868 3048 2 722 2.718 2781 2838 3 017 21188 2.711 
Tl 0.002 0000 0 001 0000 0122 0108 0 .002 0000 0 1111 
AI 2015 1 e51 1282 1278 1.1111 1730 1.11n I 277 1 5113 
Cr 0 .000 0 .001 0000 0 .000 0 .001 0001 0 .000 0000 0 001 
Fe 1.7311 1 741 0000 0 .002 0137 0 715 I 7411 0001 0 875 
Mn 0 .471 0 .422 0 000 0001 0 .005 0.002 O.Jal 0 000 0 004 
Mg 0 .740 0 .014 0000 0 .000 I 521 1.3 11 0758 0000 I 1111 
c. 0 .0118 0 127 0 282 0 .2711 0000 0000 0082 0.21111 0000 
N• 0 .000 0003 0 057 0 .722 oooe 0 .0 10 0001 0 705 0 020 
K 0.002 0001 0 0011 0007 0 837 0115 0001 o.ooe 0 8114 
Sum 8 033 71178 4 1183 5007 7 722 1 eos 711113 f. 0411 7 833 
XMg 0 298 0 282 0 000 0000 011411 011:!11 0 302 0 000 0649 
•·J 
Al4 0042 0 000 0 278 0 282 1 232 1164 0000 0 302 1 289 U • 
r~ 
Al6 1 1173 1 1151 1 0 14 0 9116 0 386 0 !>66 I 977 0 976 0 304 
Table A2-l: Electron microprobe mineral analyses. 
Sample: 133«1 133«1 133«1 133«1 1338 133«1 133«1 133«1 133«1 
Monera! GNT GNT PLG PLG 810 810 GNT 8f0 PLG 
Type COR£ AIM CORE RIM CORE RIM RIM RIM RIM 
Code AOI A02 A35 A3e A43 A47 802 844 837 
5o02 38 37 38 77 eo 50 111 75 3701 37110 3981 31123 58 85 
To02 0 02 002 001 0 .01 4 55 450 001 3 85 001 
AJ203 21 81 21ea 24.04 25.211 1sea Ill 48 22011 1734 24 27 
Co203 003 0 03 001 000 0 07 008 0 02 0 05 000 
FeO 211211 27 17 0 04 0 05 12 05 12 02 27 23 v 75 0 .04 
MnO 0 •• 082 000 003 000 0 04 0 91 0 01 0 01 
MgO 11 04 10 07 004 000 11115 15 4i 10 70 17 52 0 02 
CaO 138 1 311 11111 11111 000 000 130 0 04 820 
Na20 0 01 000 7 88 7 11 0 07 0 04 0011 0 15 • 11 
K20 001 0 01 0 10 013 909 905 0 01 9011 0 07 
Sum 100 81 10134 ea23 10095 9498 9531 102 11 94 00 9858 
S1 2 ego 3012 2 713 2 710 2 728 2 754 2 ea3 21171 2 701 
To 0001 0001 0000 0000 0 252 0 246 0001 0213 0000 
AI 1 952 1 8113 1 271 1 307 1389 1 424 1 855 1 507 1281 
Cr 0 002 0 002 0000 0 000 0004 0 005 0 001 0 003 0000 
Fe 111118 I 721 0001 0002 0 743 0 7311 1 712 01101 0 002 
Mn 0 057 0 058 0 000 0 001 0 000 0 002 c 058 0 001 0000 
Mg 1 248 1 1311 0 003 0 000 1 774 1 1190 11~ 1 925 0001 
Ca 0 112 0 110 0 318 0311 0000 0 000 0 105 0003 0 300 
Na 0 001 0 000 0 685 01105 0 010 00011 0 OOiil 0 021 0 710 
K 0 001 0001 0 0011 0 007 0 855 0 8411 0 001 o es~ 0 004 
Sum 8 033 8 005 4 1197 4 943 7 755 7 710 8 033 7 797 5 010 
- - -- ·-------------
XM;l 0 4:8 0 398 0 641 0 000 0 705 0 687 0 41 : 0 76< 0 471 I-
AIJ 0 010 0 000 0 ~1)7 0 ~~ 1 27~ 1 246 o o~- 1 3211 0 299 
-At!) 1 94: 1 >163 0 983 1 0 16 0 117 0 177 , ::1-lC c 17& 0 99< 







































































































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
Sample: 5018 5018 5018 5018 
Mon: PLG PLG 810 810 
Type: CORE RIM CORE RIM 
Code: 038 037 D« 045 
Si02 5980 59 73 38.08 38 72 
Ti02 0 .04 0 .04 21M 280 
Al203 23 ae 24 25 15117 18.12 
Cr203 0.00 0 04 0 05 0.05 
FeO 0111 030 10.42 11.74 
MnO 001 030 0 02 000 
MgO 0 01 000 1754 18 22 
CeO 7.32 7 11 000 002 
Ne20 734 732 0.04 o.oe 
K20 0 27 0 31 11111 10 02 
Sum 11884 111140 IMII5 115 78 
So 2 700 288e 2 7110 2 802 
Ti 0001 0001 0182 0152 
AI 1 270 I 281! I 380 1 375 
Cr 0 000 0001 0003 0003 
Fe 0001 0011 0 5311 0 5811 
Mn 0000 0011 0001 0000 
Mg 0 001 0000 1 1111! 1 1185 
Ce 0354 0 343 0000 0002 
Ne 0 &43 0 638 0 0011 0 013 
K o o1e 0 018 01127 01125 
Sum 411112 4 IIIII! 7 823 7821! 
XMg o 08e 0 000 0 750 0 7611 
Al4 0 300 0 314 1 210 1 1118 '· 
~ 
Al6 0 970 0 972 0 170 0 177 .; 
































































































































































































































































































































































































































































Table A2-l: Electron microprobe miner,d analyses. 
Sample: 5018 5018 5018 5018 5018 5018 5018 
Min: 810 GNT GNT PLG PLG 810 8 10 
Type: RIM CORE RIM CORE RIM CORE RIM 
Corte: C42 001 003 031 033 041 042 
Si02 37.80 38110 311.88 82.81 81 .42 37.33 37.83 
Ti02 2.28 000 0 .00 0 .00 0 .00 2 .58 2 .45 
Al203 18.a8 21 85 21 .83 23.72 2388 1703 18 83 
Cr203 0.08 0 .02 0 .02 0 .02 0 .00 0.04 005 
F.O 858 2482 24 .83 0 .04 0 .00 10.81 10.84 
MnO o.oe 1.88 2 .32 000 000 0 .08 0 .01 
MgO 11.311 1088 10 57 0 .00 000 17.110 171111 
CeO 0 .00 185 1.70 5 .18 538 000 000 
Na20 0 .00 0 .03 0 .00 7 .71 7 .53 0 07 011 
K20 8 .87 000 0 .00 0 .52 0 .58 8.eo 11.40 
Sum 84.1& 11111111 100 G3 1111.71 81.58 85.44 85.71 
Si 2.757 21176 3 007 2.n• 2758 2.725 2755 
To 0 1:!8 0000 0000 0000 0 000 0.142 0 13-C 
AI 1.480 11171 11151 1.2311 1.:54 1.488 1441 
Cr 0 .005 0001 0001 0001 0 .000 0.002 0003 
Fe 0 .58! 1 575 1 575 0001 0.000 oeeo 0885 
Mn 0 .004 0 127 0 1411 0 000 0 000 0 005 0001 
Mg 1111111 1 250 1 184 0 000 0.000 1 847 l 847 
Ca 0 000 0135 0 138 0 245 0 2(;8 0.000 0000 
Na 0 000 0 004 0 000 0 882 0858 0010 0 015 
K u 1100 0000 0 000 0.028 0032 0.884 0 871 
Sum 7 835 8 040 8 018 41152 411511 7 851 7 832 
XMg 0 774 0 442 0 431 0 000 0 000 0.747 0 748 r -
Al4 1 243 0 024 0 000 0 226 0 242 1 275 1 245 
" '• 
Al6 0 217 1 847 1 851 1 013 1 012 0181 0188 
Table A2-l: Electron microprobe mineral analyses. 
S.mple 50111·A2 501~A2 501~A2 501~A2 501~A2 501~A2 50111-A2 50t~A2 50t~A2 50111- A2 501~A2 
Min GNT GNT GNT CPX CPX PLG PLG 810 810 GNT PLG 
Type CORE AIM CORE CORE AIM AIM CORE CORE AIM CORE CORE 




























































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
Sample: 5019-A2 5019-A2 50t9-A2 50t9-A2 50t 9-A2 
Min: GNT CPX CPX PLG PLG 
Type: AIM CORE AIM CORE AIM 
Code E02 E23 E25 E38 E37 
Si02 311.40 5305 52 81 115 52 84 .28 
T102 0 07 0211 0 211 001 002 
Al203 20.112 eee 5 45 21 75 2163 
Cr203 0 .02 0 02 000 0 03 000 
ft!O 25 74 8811 813 0 til 0 25 
UnO 0 71 0 07 ooe 0 02 0 03 
t.AgO 1144 10 23 11 32 0 03 000 
CaO 8 20 17 84 1a2t 3511 377 
Na20 0 04 3 41 263 a 52 a38 
1(20 000 000 001 038 034 
Sum 101 54 100 48 100 84 100 88 88118 
Si 3 022 1 1148 1 ll31l 2 863 2 850 
T1 0 004 0 008 0008 0 000 0 001 
AI 1 8111 0 .281l 0 238 1 12 1 1.131 
Cr 0 001 0 001 0 000 0001 0 000 
Fe 1 1151 0 272 0 280 o ooe 00011 
t.A n 0 0411 0 002 0 003 0001 0 001 
Mil 0 738 o !>Sa 0 818 0 002 0 000 
Ca 0 874 0 701 0 758 0 1118 0 178 
Na 0 006 0 243 0 187 0 807 0 805 
I( 0 000 0 000 0 000 0 020 0 0111 
Sum 8 031 4022 4 029 .. 9811 4 885 
---·- --- -----··- --· -----. 
Xl.4~ 0 3U8 (\ 673 c 688 0 25.~ 0 000 
IU4 0 IX)() 0 054 () 061 0 137 0 150 
A.lt=i l S9 1 0 :36 I) I ~5 0 ;184 0 !08 1 
-



































































































































































































































































































































































































































































Table A2-J: Electron microprobe mineral analyses. 
S.mple: 50386 50386 50386 50386 50386 
Mm. GNT GNT CPX CPX PLA 
Type CORE RIM CORE AIM CORE 
Code 005 009 021 022 031 
Si02 38 75 40.20 51 84 51 38 8582 
Ti02 0 .12 0 07 0 .49 0 .38 000 
Al203 20 13 20 7fJ fJ 29 Hl8 21 lfJ 
Cr203 0 03 0 02 002 007 000 
FeO 27 23 27 52 12 93 13«18 0 12 
MnO 0 fJ1 11fJ 0 07 0 12 000 
MgO 4 15 3 711 8 35 8 48 000 
CaO 1145 8 811 utee 18114 3 45 
Na20 000 0 10 JVO 2114 1184 
11.20 000 0 01 0 0 1 000 0 21 
Sum 101 47 102 49 100 511 100 OfJ 10080 
So 3 079 3 083 I 938 I 947 2 885 
To 0 007 0 004 0 014 0 010 0 000 
AI I 8311 I 877 0 277 0 209 I 093 
Cr 0 002 0 001 0 001 0002 0 000 
Fe 1 764 1 755 0 404 0 433 0 004 
Mn 0 040 0 075 0 002 0 004 0 000 
M~ 0 4711 0 430 0 4115 0 479 0 000 
c. 0 784 0 731 0 efJ7 0 757 0 1112 
Na 0 000 0 015 0 283 0 1114 0 836 
"' 
0 000 0 001 0 000 0 000 0 01 2 
s,,m 7 99-t i 982 4 051 4 034 4 992 
- - - -···--· -- ·------ -- - -· · . ·------ · ·- - -- --
XM~ 0 ~14 0 1 >16 0 535 0 525 0 000 
414 0 0\lO 0 000 0 C·~ ;: 0 053 0 11S -:: 
4 16 1 s.:;8 , 8 77 0 :' 1!' 0 · ~ 0 ol'S 





















































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
Sample: 5043A 5043A 5043A 5043A 5043A 5043A 5043A 5043A 5043A 
Mm: GNT GNT CPX CPX PLG GNT CPX PLG CPX 























































































































































0 11 0 
0 9 78 
2 1183 





















































































5043A 5043A 5043A 5043A 504JA 5043A 
GNT GNT GNT CPX CPX PLG 
RIU RIM CORE CORE RIM CORE 





































































































0 02 0 04 
1257 012 
0 14 0 00 
li:>l 0 02 
18 88 388 
258 850 
0 01 0 24 





























Table A2-l: Electron microprobe mineral analyses. 
Sample S043A 5043A 5043A S043A S043A S043A 50434 50434 
Mon PLG GNT GNT CPX CPX PLG PLG GNT 
Type CORE CORE AIM CORE AIM CORE AIM CORE 
















































































































































() 1 !>8 
0 825 
0 012 
Sum 4 887 8 014 8 030 4 0811 4 035 4 983 
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Table A2-J: Electron miaopwbc mineral analyses. 
Sample· 5043A 5043A 5043A 5043A 5043A 
Mon: CPX CPX PLG PLG 810 
Type: CORE AIM CORE AIM AIM 
Code. E21 E22 E31 E32 E41 
Si02 51 70 5087 8683 84 37 3e82 
Ti02 0 411 0 .38 001 0 03 4 80 
Al203 1150 1107 201!0 20 87 13 82 
Cr203 005 005 000 0 02 0 03 
F.O 12 58 12 47 002 0 05 21 34 
MnO 0 05 0 II 000 003 0 27 
MgO 1111 1111 000 000 11 44 
CeO Ill 82 II 17 3011 3 41 000 
Na20 3111 288 8 48 8 21 ooe 
1<20 001 001 030 0 25 1143 
Sum 10010 100 13 ~11 118 24 11811 
Si 1825 1811 21111 2 885 2 7e3 
Tt 0 013 0011 0 000 0 001 0 271 
AI 0 285 0 2e8 1077 1 102 I 221 
Cr 0 001 0001 0 000 0 001 0 002 
Fe 0 3112 0 382 0001 0 002 1 338 
Mn 0 002 0004 0 000 0001 0 017 
Mg 0 484 0 500 0 000 0 000 I 278 
Ca 01175 0 732 0 145 0 tll4 0 000 
N• 0 2111 0 217 0 8111 0 800 0 009 
K 0 000 0 000 0 017 0 014 0 802 
Sum 4 0411 4 045 • ie7 • 1170 7 805 
XM~ 0558 0 5110 0 000 0 000 0 489 
' · At4 0 0 75 0 082 0 081il 0 1:5 1 23:' 
Ate <):to 0 1i7 0 118 ~ 0 967 0 000 
Table A2-J: Electron microprobe mineral analyses. 
Sample 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 5047A 
Mon GNT PLG 810 GNT GNT GNT GNT GNT GNT GNT GNT GNT GNT GNT 
Type CORE CORE CORE TRAil TRAil TRA\1 TRA\1 TRA\1 TRA\1 TRA\1 TRAil TRA\1 TRA\1 TRAil 























































































































































































































































































































































































































































































































































































































































































































































































































































































Table A2-l: Electron microprobe miner,d analyses. 
Simple 50<t7A 5047A 5047A 50<t7 A 5047A 5047A 5047A 5047A 5047A 5047A 
Mm: GNT GNT GNT GNT GNT GNT PLG PLG 8 10 810 
Type TRAV TRAV TRAV TRAV TRAV CORE CORE RIM CORE RIM 
Code: cse ceo ce1 ce2 CeJ 001 031 032 042 043 
-----
5102 3Q 24 37 2e 37 84 37 e4 38&4 38.80 81 87 87 57 38 35 37 80 
Ti02 0 .00 000 000 002 0 03 0 0 1 003 0 .00 2 65 2 i3 
Al203 2302 23 22 23 23 2342 23 04 2107 23 12 005 16 3i 16 34 
Cr203 0 .00 000 0 .00 000 000 003 000 0 02 0 02 003 
F.o 24.78 2544 2578 26.43 26 72 25.55 0 16 0 16 11 04 12 76 
MnO 2.71 3 12 3 .51 301 338 3N 000 004 008 0 08 
MoO 887 887 878 854 820 I 18 002 000 18 51 18 50 
CeO 1 44 1 46 141 1.54 1.47 1.57 5.88 0.00 000 0 .00 
Na20 004 ooe 000 000 004 004 I 23 000 0 Oi 008 
K20 0 .04 0 03 0 .08 010 003 0 01 0 .21 0 .01 8 74 838 
Sum 101 31 10048 101 .73 102.07 102.55 101 05 11840 8715 e4.18 8580 
Sl 28811 2188 2882 2 882 2 823 3 .063 2.788 3884 2114 27CICI 
Ti 0000 0000 0000 0001 0 .002 0001 0 .001 0000 0148 0181 
AI 2 .051 2 .101 2016 2 087 2.055 1801 1217 0002 1.418 1408 
Cr 0.000 0 000 0.000 0 .000 0.000 0 .002 0 .000 0 001 0001 0 002 
Fe 1.587 1 ell 1.843 1.878 1.881 1.835 0008 0005 0 878 0 781 
Mn 0.178 0 203 0.22e 0 .188 0 .2 17 0 251 0000 0001 o ooe 0 005 
Mg 1.123 1 1:!3 1 111 1 080 1 037 1014 0001 0 000 1805 1.7118 
c. 0.117 0120 0.121 0 125 0 1111 0 1211 0 271 0000 0000 0 000 
Na oooe 0.008 0000 0000 oooe oooe 0 712 0 000 0013 0011 
K 0004 0003 0008 0010 0003 0001 0 .012 0 .001 0 i12 0 878 
Sum 8 012 8 083 807i 8 073 8.052 78i8 4.886 4 005 7 7i2 7 811 
------ ------··---· ----
XMg 0 418 0 408 0 404 0 391 0 380 0 383 0 182 0 000 0 727 0 897 
'·' Al4 0 034 0131 0 '18 0 118 0 077 0 .000 0 234 0000 1 188 1 23-t (l' 
Ala 2 018 1 1178 1988 1 979 1.978 1801 0 9&3 0 002 0 232 0 175 u: 
Table A2-l: E!ectron microprobe mineral analyses. 
Sample: eo50 eo50 eo50 eo50 eo50 eo50 eo50 eo50 11050 
Men: GNT GNT PLG PLG 810 810 GNT GNT PLG 
Type: CORE AIM CORE RIM CORE RIM CORE RIM CORE 
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Table A2-l: Electron microprobe mineral analyses. 
Sample: 11050 11050 11050 
Mon: PLG 810 a:o 
T~: RIM CORE RIM 
Code: 033 041 042 
Si02 110.17 37.50 37.88 
Ti02 0 .00 0 .08 o.oe 
Al203 25.31 1807 18.80 
Cr203 0 .04 004 0 .00 
F.O 0 .04 10.81 11 .28 
MnO 0.03 0 .07 0 .03 
MgO 0.00 17 25 1148 
c.o 8.07 0 .04 001 
N820 7.37 020 0 .13 
K20 0 .18 8.84 8. 13 
Sum 101 .28 83.80 84 70 
Sl 2.115e 2.758 2.758 
Ti 0 .000 0.004 0.003 
AI 1.321 Ul53 1.1130 
Cr 0.001 0002 0000 
Fe 0.001 o.ees 0 .881 
Mn 0.001 0 .004 0002 
Mg 0.000 1.881 1807 
c. 0.382 0 .003 0 .001 
N• 0.831 0028 0.018 
K 0.011 0 828 0.852 
Sum 5.004 7.839 7861 
XMg 0000 0 740 0 734 rv 
Al4 0 344 1.242 1 244 
-·· ANI 0.8711 0.411 0 386 0 
Table A2-l: Electron microprobe mineral analyses. 
Sample. Nl58 6058 6058 6058 60!>6 6058 6058 60!>6 6056 6056 
Min : GNT GNT 810 810 GNT GNT PLG PLG 8 10 8 10 
Type: CORE AIM CORE AIM CORE AIM CORE AIM CORE AIM 
Coda: A01 A.l2 M1 A42 801 802 831 832 841 842 
Si02 37.10 38.71 38.83 41 .18 38.00 3848 eo 111 80.811 37.15 37.28 
Ti02 0 .00 000 2 .85 2115 0 .00 0 .00 0 .00 0 .05 2 .75 2 .811 
Al203 22 01 21113 17.24 1111111 22.34 21 811 24 Oil 24.45 17.87 18.08 
Cr203 0 .03 0 .05 0 .04 0 .04 0 .00 003 0 .00 0 .02 000 0 03 
FeO 28.54 28 48 "04 10.011 28.511 28.11 0 .15 0 23 11 211 10.48 
MnO 1.31 1.55 0 .00 000 1.()(1 I 52 0 .01 003 0011 004 
MgO 1150 8 411 11! 02 1800 1088 1118 0 .00 003 1830 IS 88 
CeO 1117 1 43 000 000 1.78 1 112 7.31 7 47 000 000 
Ne20 000 0 22 0 07 0011 0 .00 0 04 1170 8110 0 12 0 .15 
K20 0 .01 0 02 1154 1158 0 .01 001 0 .44 0 .34 11114 10.02 
Sum 100.17 100 88 113 73 118110 10144 101 .13 118.811 10020 115 51 11480 
Si 2 8811 2 1181 2 748 21118 2.1154 211~ 2 7011 2 81111 2 7111 2 741 
Ti 0 000 0000 0158 0.157 0 000 0000 0 000 0 .002 0 151 0 148 
AI 2 021 111111 151 1 1 418 1 11115 1 1180 1 278 1 282 I 542 1 5811 
Ct 0 002 0 003 0 .002 0002 0000 0002 0 000 0001 0000 0 002 
FP 1 1511 1135 0 8117 0 587 1 8114 1808 0 .008 0 0011 0 881 0845 
Mn 0088 0 101 0000 0 000 0068 0 01111 0000 0 001 0008 0 002 
Mg 1 103 01175 1 ns 18118 1 203 1 051 0 000 0 002 1 778 1 738 
c. 0138 0 118 0 000 0000 0 144 0 158 0 353 0358 0 000 0 000 
N~ 0 000 0033 0 010 0 012 0 000 0 008 0 585 0 5115 0 017 0 021 
K 0 00 ! 0 002 01105 0 884 0001 0001 0 025 00111 01128 01140 
Sum p. 100 8 0311 7 7~5 7 655 8 049 8 058 4 958 4 1185 7 831 7 807 
Xt..4g 0 372 0 347 0 72 1 0 7311 0 41 7 0 368 0 000 0 18ij c 720 0 7211 
"" 
0 111 0 0111 1 254 1 084 0 046 0 04 5 0 29 1 0 301 1 28 1 1 259 ' · 
Altl 1 11 10 1 1173 o :s7 0 334 1 948 I 935 0 988 0 981 o c60 c 309 
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0 -119 
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0 2 14 
0 995 
0 713 
1 21 6 
() 315 







































Table A2-l: Electron microprobe mineral analyses. 
Sample: 7051 7051 7051 
Min: PLG 810 BIO 
Type: AIM CORE AIM 
Code: C32 C41 C42 
Si02 83.20 3885 38.oe 
Ti02 0.03 2.05 2.01 
Al203 22.111 17.811 111.1e 
Cr203 0 .00 0 .00 0.00 
F.O 0 .00 10.82 11 38 
MnO 0 41 0.02 0.05 
MgO 0.00 1S.IM 15113 
CaO 5.C2 000 0.00 
Na20 8.52 ooe 0.14 
K20 0.17 1128 8.25 
Sum 88.88 82.88 IM.71 
Si 2.801 2.754 2.787 
Ti 0.001 0.115 0.111 
AI 1.181 1.573 1.570 
Cr 0000 0.000 0.000 
Fe 0.\100 0.11711 O.lle7 
Mn 0 .015 0.001 0.003 
Mg 0.000 1.n5 1.7011 
Ca 0.238 0.000 0000 
Na 0.732 0.013 0.020 
K 0 .010 0.883 0.884 
Sum 41H8 7.792 7.759 
XMg 0 .000 0 724 0.710 
A14 0.188 1.248 1 213 N , , 
Al6 0 982 0.328 0.358 (.,; 











































































































































































































































































































































































































































































Table A2-J: Electron microprobe mineral analyses. 
Sample: 7053 7053 7053 7053 7053 7053 7053 7053 7053 7053 
Min: GNT GNT GNT GNT GNT GNT PLG PLG 810 8 10 
Type: TRAil TRAil TRAil TRAil CORE RIM CORE AIM CORE RIM 
Code: 854 855 858 857 COl COl C31 C32 C41 C42 
Si02 38.22 38.88 38.10 37.1M1 3858 3783 58.i8 110.73 38.62 37.28 
Ti02 0 .00 000 0 .00 000 0.00 0.00 0.03 0.07 2113 2 .14 
Al203 20.84 21 25 21 34 21.37 21 .81 21 40 23.71 23.18 17.88 17 75 
Cr2C1 000 0 .04 0.03 0 .00 000 0 00 000 0.00 o.oe 0.08 
FeC 24 28 24.13 23.57 23.24 24.36 26 12 o.oe o.oe 10 33 10 84 
MnO 5.88 577 sea 5.48 4.115 664 0.00 0 .04 002 0 011 
MgO 841 8.41 8 .oa 8.17 855 7 27 0.00 0 .00 15.84 1665 
CeO 1.58 1.73 1.70 2 .34 1.64 2 28 7.21 1113 0 .01 0 .02 
Na20 0 .00 0 .04 000 0 .00 0 .02 011 727 7.02 ooe 0.00 
K20 000 0 .00 0 .00 O.C.2 0 .01 000 0.57 0.64 U3 U7 
Sum 100.11 101 .011 118.51 118.58 100112 101 78 111113 117.85 e3.18 84.74 
Si 2 872 2.876 2.871 2858 2.1M12 21145 2.7Da 2.754 2.735 2 742 
Ti 0 .000 0 .000 0.000 0.000 0.000 0 .000 0.001 0.002 0 .148 0 .118 
AI 1.820 1 827 1.1162 1.1M13 1.1174 1.1158 1.262 1.238 1.557 1.5311 
Cr 0 .000 0 .002 0.002 0000 0.000 0 .000 0 .000 0 .000 0 .004 0 .005 
Fe 1578 1.552 1537 1.515 1.584 1.8IMI 0 .002 0002 0645 0867 
Mn 0 374 0 .376 0375 0.382 0.322 0.437 0 .000 0002 0 .001 0.008 
Mg 1.Da1 1.0711 1.057 1065 1 0113 0 .841 0 .000 c.ooo 1.774 1.825 
c. 0.132 0 .143 0.142 0.185 0.135 0.1110 0 .3411 0.2118 0001 0.002 
N• 0.000 0 .0011 0.000 0.000 0.003 0 017 0 .637 0.817 0 .0011 0000 
K 0.000 0000 0.000 0.002 0 001 0 000 0 .033 0.037 0 937 0.926 
Sum 8.068 8.0112 8048 8.0111 8.053 8 084 4 IIQ3 4 1151 7 810 7 830 
XMg 0.409 0 .410 0 407 0.413 0 411 0 332 0 .000 0000 0.733 0 732 
t.> 
Al4 0 .028 0 024 0.029 0.042 0 038 0 .055 0.2111 0.246 1.265 1.258 'J 
Al6 1 892 1 903 1.933 1 922 1936 1903 0 972 0993 0.292 0 281 u• 
Table A2- I: Electron microprobe mineral analyses. 
Sample: 70750 70750 70750 70750 70750 70750 70750 70750 70750 70750 70750 
Min: GNT GNT PLG PLG 810 810 GNT GNT PLG PLG 810 
Type CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM RIM 
Code: 801 803 831 832 841 842 COl C03 C31 C32 C41 
5102 40.14 38.17 83.70 81 211 38.n 38.82 3954 3821 8598 83 28 3834 
Ti02 000 0 .00 0 .04 0.05 1.81 150 000 000 0 .04 0 02 2.84 
AJ203 22 41 22.87 23 37 22 Q8 18.44 18 73 22.81 22.57 23.112 23 30 15.e& 
Cr203 0 .02 0 .03 0 .04 0.04 0.03 0.00 0.02 0 .02 0 .04 0 01 0 04 
FeO 11137 21 .411 0 .07 0 05 11.24 11.15 11174 20.30 0 .08 0 .011 7.18 
MnO 184 2.10 000 0.00 0.00 0 01 2 18 2 .21 0 .00 0 01 0 .0 1 
MgO 141MI 14 47 000 000 21 82 21 ee 14 24 13.58 000 000 21 00 
c.o 1.1111 1.71 5 75 5 78 000 000 1 811 1811 5 .88 55e 000 
Na20 001 0 01 8 20 7 811 001 0.05 0.05 001 3.17 830 ooe 
1(20 0 .02 000 0 25 038 11111 IU4 0 01 000 0 211 0 52 1180 
Stlm 100 20 101 85 101 42 118 45 11483 114.78 100 28 111180 e&.40 101 07 115 26 
Si 2 983 21102 2 782 2 783 2 785 2 787 21152 2 1150 2 888 2 na 2 758 
Ti 0 000 0000 0001 0002 0.087 0 081 0000 0 000 0 001 0001 0 154 
AI 1 1188 1 11117 I 203 1 220 1382 1 4111 1 11110 2 002 1 2211 1 208 1 3511 
Cr 0001 0002 0 001 0 001 0002 0000 0001 0 001 0 001 0 000 0 002 
Fe 1 204 1 331 0003 0 002 0 375 0 3811 1 232 1 277 0 003 0 003 0 432 
Mn 0 1111 0 132 0000 0 000 0 000 0001 0 138 0 141 0 000 0 000 0 001 
Mg 11124 1 5118 0 000 0 000 2 338 2 317 1 584 1 524 0 000 0 000 2 252 
Ca 0 132 0138 0 21111 0 271l 0 000 0000 0 151 0 152 0 274 0 2112 0 000 
Na 0 001 0001 01194 0690 0 001 0 007 0 007 0 001 0 2117 0 707 0 008 
1(. 0 002 0 000 0 014 0 022 0 1108 0 1101 0 001 0 000 0 016 0 021l 0 llOO 
Sl•m 8 033 8 01111 4 lil68 4 1180 7 886 7 878 8 057 8 041l 4658 4 986 7 883 
XMIJ 0 574 0 545 0 000 0 000 0 662 0 663 0 562 0 544 0 000 0 000 0 839 
' -Al4 0 017 0 098 0 218 0 : 3 7 1 2 15 1 213 0 048 0 050 0 131 0 222 1 242 
-= Aiel , 953 1899 0 985 0 984 0 177 0 202 1 94 1 1 952 1 095 () 984 0 114 
Table A2-I: Electron microprobe mineral analyses. 
Semple: 7054 7054 7054 7054 7054 7054 7054 7054 7054 7054 
Min: GI\IT GNT PLG PLG 810 810 GNT GNT 810 8 10 
Type: CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM 
Code: A01 A02 A31 A32 A41 M2 801 802 841 842 
Si02 3788 37.23 tl3.4e 64.18 37.18 38 21 37$4 38.35 3802 3881 
Ti02 0 01 000 0 .00 000 1 07 1.08 0.02 0 02 1 43 1.27 
Al203 22.18 22.411 24.511 2488 11188 20 23 22.55 22111 11148 111114 
Cr203 0 .00 0 .00 000 0 .00 002 004 llOO 000 0 08 0 04 
FeO 18 57 17811 012 0 .02 10.25 10.38 18118 Ill Oil 1158 111111 
MoO 14 85 111.411 001 0 .02 0 .27 0 44 13.78 12.711 0 20 035 
MgO 11.52 5.82 000 0 .00 111.08 15.83 8.03 820 111.31 111111 
c.o 2.11 2 .38 4 Ill 4 811 0 .00 0.00 1.43 1112 000 000 
Na20 000 0.04 8 .411 858 0 .011 o.oe 000 0 01 0 Ill 008 
1(20 004 0 .00 0 .23 0 .13 1127 11.88 0.00 0.01 8 88 1123 
Sum 101.118 102.311 101.78 102.4e 113110 115 74 102.73 103.00 $4.14 115 83 
5I 21123 2.8113 2.757 2 7115 2.735 2 757 21103 21112 2 7118 2 7811 
Ti 0 .001 0000 0.000 0.000 0.058 0 .058 0 .001 0001 0078 ooea 
AI 2 .028 2.057 1258 I 254 I 705 1.721 2034 2051 1.872 11158 
Cr 0 .000 0 .000 0 .000 0.000 0.001 0002 0000 0000 0005 0002 
Fe 1.205 1. 11111 0004 0001 0.031 0.8211 I 215 I 212 0 .5113 0 580 
Mn 01178 1.085 0.000 0.001 0.017 0027 0 .8113 0 .823 0012 0 021 
Mg 0 754 0 .874 0 .000 0000 1.7114 1.1181 0 IIIII 01128 I 770 1 772 
Ce 0 175 0 .1116 0 228 0.2211 0000 0.000 0 .117 0 132 0 000 0 .000 
Na 0 .000 oooe 0 715 0.715 0.013 0 008 0000 0001 0 023 0 012 
K 0 .004 0 .000 0.013 0.007 0.870 0.8811 0000 o c:ll 0 825 0 .843 
Sum 8064 8 081 4 977 4 969 7.794 7 771 8 079 8 082 7738 7 743 
XMg 0 385 0 386 0 000 0000 0 737 0 729 0 430 0 434 0 752 0 753 
Al4 0 077 0 107 0 243 0 235 1.265 1.243 0 0117 0 088 1 231 1 214 1-.> 
- J 
Ale 1951 1950 1016 1019 0 440 0 418 I 937 I 963 0 441 0 443 
_, 
Table A2-l: Electron microprobe mineral analyses. 
Sample 7132 7132 7132 7132 7132 7132 7132 7132 7132 
Man GNT GNT PLG PLG 810 810 GNT GNT PLG 
Type CORE AIM CORE AIM CORE AliA CORE AIM CORE 









































































































Sum 8 032 8 02e 4 977 4 979 
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Table A2-l: Electron microprobe mineral analyses. 
Semple 8008 8088 aoea 
Mon PLG BIO 810 
Type AIM CORE AIM 
Code C32 C41 C42 
Sr02 82 17 JeSI 37 88 
Tr02 000 I .S3 158 
Al203 25 20 18 58 18 20 
Cr203 000 004 0 03 
FeO 0 28 1208 1184 
MnO 005 018 0 .11 
MgO 000 15 32 14 88 
CeO 8oe 000 0 00 
Ne20 7 82 0 01 000 
K20 0 .18 8 78 885 
Sum 101 84 84 '1 84 05 
s. 2 711 2 724 2784 
Tr 0 000 0 088 0 088 
AI INS 1632 1 581 
Cr 0 000 0 002 0 002 
fll 0 008 0 7S3 0 740 
Mn 0 002 0 010 0 007 
'-~II 0 000 1 700 1 842 
c. 0 283 0 000 0 000 
N• 0 870 0001 0 000 
K 0 010 0~ 01113 
Sum 4 11111 7 8311 7 778 
XM11 0 000 0 8113 0 888 r . 
':J 
..... 0 ~811 1 27fl , zoe 
Al6 I 007 0 3~ I) 385 
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PLG 810 810 GNT uNT PLG 
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Table A2-l: Electron microprobe nuneral analyses. 
Sample: 8088-1 8088-1 8088-1 
Min : PLG 810 810 
Type: AIM CORE AIM 
Code: C32 C41 C42 
Si02 81.711 3811 37.117 
T102 001 I 84 Ill 
Al203 24 78 17.08 1811 ~ 
Cr203 000 o.oe 0 05 
FeO 007 8 45 8.32 
MnO 0 04 005 0 12 
MgO 000 20 04 11118 
CaO 3 Ill 000 OOf 
Na20 783 o 1e 017 
K20 oeo 1173 11.78 
Slim Ill 711 115 411 IMIIII 
Si 27!l 2 748 27~ 
T1 0000 0100 0 0118 
AI 1301 I 450 I 448 
Cr 0000 0003 0003 
Fe 0003 0 510 0 505 
Mn 0 002 0003 0 007 
Mo 0000 2 1~ 2 148 
c. 0 188 0 000 0000 
Na 0 880 0 021 0 024 
K 0 034 0 8115 0 W05 
Slim 41MI 7 883 7 888 
- ----···--·· 
l<MiJ 0 000 0 809 0 810 
. . 
1.14 0 : 45 1 252 1 246 'J. 
'· 
'-•6 1 Ot.tl 0 1118 0 1118 
Table A2-l: Electron microprobe mineral analyses. 
Sample: 809!:-2 aoaa-2 8088-2 8088-2 8088- 2 8088-2 8088-2 8088-2 8088-2 8088 -2 
Mon: GNT GNT PLG PLG 810 810 GNT GNT 8 10 8 10 
Type: CORE RIM CORE AIM CORE RIM CORE AIM CORE AIM 
Code: A01 A03 A31 A32 A41 A42 801 803 841 842 
Si02 40.18 38.31 &307 83.41 3888 38 25 38 87 380«1 380«1 38 41 
Ti02 0 02 005 000 003 138 1 32 002 000 185 1110 
Al203 23.14 22.85 23 43 22 38 18.87 1888 22.18 21 77 17.45 18 71f 
Ct203 0.00 0.00 000 000 000 000 000 000 000 000 
F.O 18.37 181M! 003 000 a 10 883 18 18 l lf 31f 7.811 784 
MnO 4.84 8.58 0 07 018 009 009 .. 45 8 88 0 04 0 12 
MgO 131111 11 .47 000 000 20.21 1854 14 35 1177 2038 18 54 
CeO O.lf5 1.08 588 4.51f 000 001 0 80 0 78 000 Oc.N 
Na20 \1 .\. . 0 .04 8 08 821 000 0 20 0.00 011 021 ooe 
K20 0 .00 0 .03 017 0 14 8 .30 805 000 0.00 850 !flO 
Sum 101.27 100.18 100 71 88811 85 32 85 27 10085 8878 81123 ""48 
Si 2 .1f72 2.1f78 2 774 2810 2.805 2 822 28113 21183 2 778 2 842 
Ti 0 .001 0 .003 0000 0.001 0 074 0 071 0.001 0000 0 088 0 087 
AI 2 .018 2.021 1 215 11118 1414 1.431 11153 1 11110 1 4112 1 427 
Ct 0000 ;).000 0 000 0 000 0.000 0 .000 0000 0000 0000 0000 
Fe 1 138 1201 0 001 0 000 0 523 0 537 1 1118 1 238 0 473 0 473 
Mn 0 .309 0 .423 0 003 0007 0005 0005 0 282 0 445 0002 0 007 
Mg 1.50«1 1.21f4 0 000 0000 2.187 2 Olf4 1 SIMI I 331f 2 157 2 100 
Ca 0 .075 ll.088 0 278 0.218 0.000 0001 0 0«14 0 0«14 0000 0 000 
Na 0 001 oooe o eaa 0 71ft 0000 0 028 0000 0 018 0 021f 0 008 
K 0000 0003 0 010 0 008 0854 0 830 0 .000 0 .000 0 881 0 837 
Sum 8 .019 8 014 4 988 5 004 7 841 7.820 80511 8 045 7 849 7 781 
--- -
XMg 0 570 0 519 0 000 0.000 0 805 0 796 0 571 0 520 0 820 0 816 
." Al4 0028 0 .024 0 226 0 190 1 195 1 178 0 037 0 017 1 224 1 158 ~· Al6 1 1189 1 998 01189 0 979 0 219 0 253 1916 1 942 0 238 0 269 . .: 
Table A2-l: Electron microprobe mineral analyses. 
Sltmple: 11001A 11001A 11001A 11001A 11001A 11001A 11001A 11001A 11001A 
Mil: GNT GNT PLG PLG 810 810 GNT GNT BIO 
1 ~;>e : CORE AIM CORE AIM CORE AIM CORE AIM CORE 
Code: A01 A02 A32 A33 A41 A42 801 804 841 
Si02 37 12 ~."5 e. .. ~ 112.n 3813 38 72 3947 37.85 38 43 
Ti02 0.00 0 .03 0.00 0 .02 2.36 238 0.02 0.06 233 
Al203 23.08 22 85 22.74 22.51 11188 17.211 22.50 22.53 11180 
Cl203 003 0 .03 0 .02 0 .03 0 02 0 04 0.04 004 005 
FeO 22 58 23.83 011 0 .10 11 .16 1081 21.116 24.76 12.111 
M110 514 508 000 0 .00 006 0 08 585 3311 0.07 
MgO 11.115 1151 0.03 0 .00 17.117 17 82 10.21 11.411 1783 
CaO 1 21 1 18 5.57 5 32 0.00 000 1111 1.311 000 
Nll20 0 .01 0 .01 8.63 8.34 0 .11 0.011 0.03 0 01 0 07 
K20 0 .00 0.01 0 .21 0 .11 1158 11.411 0.00 0.01 8 57 
Sum 111111 100811 100 30 111120 1111115 111182 101 37 1111.27 117 31 
Si 2.884 2.1148 2.7110 2.800 2.802 2 774 21184 21125 2.7111 
T! 0000 0002 0000 0.001 0.127 0 128 0001 0 .004 0 1211 
AI 2115 2 042 1.185 1184 1 425 1460 2 .005 2063 1 423 
C1 0 002 0 002 0001 0 001 0 001 0 002 0 002 0002 c 003 
Fe 1 4611 1 524 0 004 0 004 0868 0 6$4 1 388 16011 0 .731 
Mn 0 338 0.330 0000 0 000 0 004 0 005 0 381 0 221 0 004 
Mg 1 152 1 084 0002 0 000 1 888 11103 1 150 1 01111 1 1109 
Ca 0 101 0 .097 0 264 02$4 0000 0 000 001111 0.113 0000 
Na 0 002 0 001 0 731 0 721 0 0 15 0 013 0 004 0 002 0 010 
I( 0 000 001 0 012 0 006 0 873 0 887 0 000 0 001 0 877 
Sum 8 :>58 8 030 4 9811 4 971 7 802 7 806 8 013 8 039 7 844 
XMg 0 4·10 0 416 0 3~7 0 000 0 i38 0 744 0 4!>3 0 406 0 723 r . 
Al4 0116 0 052 0 2 11) 0 200 1 ,,., 1 ~26 0 016 0 075 12~ 'J. 
A16 1~8 199 0:175 0 983 0:27 0 :34 1 989 1 989 0 184 
Table A2-1 : Electron microprobe minerdl analyse~. 
Sample 8013A 8013A 8013A 801JA 8013A 801JA 8013A 8013A 8013A 8013A 
Mon GNT GNT GNT GNT PLG PLG BIO BoO 810 BIO 
Type CORE AIM CORE AIM CORE AIM CORE AIM CORE RIM 
Code: AOI A02 AO'J A04 All A32 A41 A42 A43 A44 
5102 37 42 37.58 3123 31.12 Ill 08 IIUS4 38.50 37 14 38 82 3718 
To02 002 000 0 .04 001 000 000 2 40 208 2 27 2 18 
Al203 22 21 22.48 22.55 21.118 25.07 24 48 18.02 18 55 18 11 17.1111 
Cr203 000 000 0 .01 000 0 .00 0 .00 002 0.03 0.03 004 
F.O 28.4& 28.82 27.57 27 37 0 .07 012 1404 14.28 14 Ill 14.83 
MnO · ·,a 531 4.» 541 000 001 008 018 013 011 
MgO 7.20 8 .84 7.34 808 000 000 1288 13114 1323 1348 
c.o 2.111 25a 254 :! .23 5 .52 5 .111 000 0.00 0.00 000 
Na20 0.03 0 .00 0 .011 000 143 104 ooa 0 07 0.14 0 .00 
1(2() 000 0 .0. 0 .01 003 0 12 0 .10 11117 1131 11011 1111 
Sum 10078 10141 102 74 101 25 100.30 10001 114.05 115 28 114.43 114.71 
Si 2818 2 817 2 .824 2 eea 2.704 2.731 2 748 2.748 2 753 2788 
Ti 0 .001 0000 0 .002 0 .001 0000 0000 0.138 0.116 0 128 0 .122 
AI 2 041 2 .058 2.033 2.018 1.308 1.278 1.600 1.618 I Sill 1578 
Cr 0000 0000 0 .001 0 000 0.000 0.000 0.001 0 .002 0 .002 0 .002 
Fe 1.727 1.742 1.783 1.713 0.003 0.004 0884 0.884 0814 0 .1111 
Mn 0 318 0 354 0 284 0 357 0000 0000 0004 0010 0.008 0 007 
Mg 0 837 0 .788 0 .837 0 707 0000 0.000 I 455 I 504 I 474 1.484 
Ca 0 211 0 215 0208 0118 0.2112 0.2118 0000 0000 0000 0 .000 
Na 0 .005 0000 0 .>OG 0000 0.724 01181 0 012 0 010 0020 0000 
K 0000 0 .004 0 .001 0 .003 0.007 0 0011 0 958 0.8711 0 .887 0 885 
Sum 8 082 8058 8 .082 8 023 5007 41177 7 799 7.770 7783 7 .750 
XMg 0 .328 0 308 0 .322 0 284 0.000 0.000 0.622 0 .630 0 617 0.621 
Al4 0 082 0 C83 0076 0 032 0.296 0 269 1 251 I 252 1.247 1.231 N 00 
Alii 1 959 1973 1957 I 987 1012 1010 0 349 0 365 0350 0 349 uo 




































































































































































































































































































































































































































































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
SMiple: 9032 11032 11032 11032 11032 11023 11032 11032 11032 11032 11032 1103; 11032 11032 11032 
M1n: GNT PLG CPX GNT GNT CPX PLG GNT GNT CPX CPX PLG PLG GNT GNT 
Type: RIM RIM RIM CORE RIM CORE CORE CORE RIM COAE AIM RIM CORE TRAV TAAV 
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Table A2-l: Electron microprobe mineral analyses. 
S.mpl• 11023 11023 11023 11023 11023 e923 
Min· GNT GNT 810 810 PLG PLG 
T,pe· CORE RIM RIM CORE CORE RtM 
Code: A01 NJ2 M3 A44 A31 A32 
Si02 40.55 4083 3131 3156 8517 8518 
Ti02 002 001 1.83 181 0 .03 001 
Al203 21 74 2082 1174 11.72 21 .41 20118 
Cr203 0 .02 0 .00 0 .02 002 000 OCIII 
F.O 20.1111 2~ 27 1121 11 .37 018 0 15 
MnO 888 184 017 011 0 07 004 
MgO 881 105 1833 1808 000 0 02 
c.o 214 2.15 000 001 254 2 37 
Na20 001 0 .00 0 .13 0 .11 884 880 
1(20 001 004 8 .58 8 .18 0 .08 ooe 
Sum 101.115 10201 111120 1111.48 110.51 11008 
Si 3 .045 3 .103 2.7811 2 777 2.110 2 817 
Ti 0 .001 0 001 0 .011 0.081 0001 0.000 
AI 1.1125 1.1811 1584 1.5110 1 118 1.071 
Cr 0 .001 0 .000 0 001 0 .001 0.000 0.000 
Fe 1.M 1341 0878 0 .815 0007 0.008 
Mn 0 .438 0 .555 0.010 0.007 O.OOS 0.002 
Mg 1108 0808 1758 1.724 0.000 0 001 
c. 0 .172 0 .175 0000 0 001 0.120 0112 
Na 0001 0000 0 .011 0 015 0.152 0.150 
K 0 .001 0004 0 .113 0 808 0.005 0.003 
Sum 7882 7 .884 7 .785 7 .797 4.1187 4 970 
XMg o . .ceo 0 403 0 .722 0 718 0.000 0.182 
"' Al4 0000 0 .000 1 231 1.223 0120 0.013 co 
"' Ale 1.925 1868 0363 0 367 1.000 09115 
Table A2-l: Electron microprobe mineral analyses. 
Sample 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 11032 
Min: GNT GNT GNT GNT GNT GNT GNT GNT CPX CPX PLG PLG GNT GNT CPX 
Type TRAV TRAV TRAV TRAV TRAV CC'IE CORE CORE CORE RIM CORE RIM CORE RIM CORE 











































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
S.mple 11032 11032 11032 
Utn : CPX PLG PLG 
Type- RIM RIM CORE 
Code: F2t F31 F3t 
Si02 sun 58.47 10.47 
Tt02 0.22 0.01 002 
Al203 5.27 24.14 24.07 
Ct203 o_oe 0.02 0.04 
F.O 8 .11 0 .17 0 .22 
MnO o.oe 0.00 0.15 
MgO 13.1U 0.02 0 .00 
c.o 21 .51 7.75 7.111 
Ne20 1.17 11.11 7.08 
K20 0.02 0.311 0 .3t 
Sum 100.31 IIIUS 1111.111 
Si 11103 2870 2 707 
Ti o.ooe 0 .000 0.00~ 
AI 0221 1314 1270 
Cr 0 .002 0 .001 0.001 
Fe 0 .117 oooe 0001 
t.tn 0 .002 0.000 o.ooe 
t.tg 0 .7110 0001 0000 
Ce 0148 0 .373 0 .343 
Na 0 .013 0 .583 0 .1115 
K 0001 0 .021 0022 
Sum 4.0111 411711 4.1175 
XMo 0102 0 .173 0.000 f -j 
Al4 0087 0 .330 0283 \C 
Ale 0130 0 .884 01171 











































































































































































































































































































































































































































































Table A2-l: Electron microprobe mineral analyses. 
S.mple 80338 110338 110338 
Min 810 Pl.G Pl.G 
Type CORE CORE RIM 
Code E48 E31 E33 
5102 3718 8043 eo 42 
To02 " 1.78 0 .00 0 .00 
Al203 1113 24 51 24 21 
Cr203 0 .02 000 0 .00 
F.O 14.07 0 Ul 020 
MroO 008 002 002 
t.tgO 13115 0 .00 000 
c.o 000 708 1115 
Na20 003 7.78 758 
K20 8110 0 .11 0 17 
Sum 115.17 100 11 111153 
Si 2717 2882 2 704 
Ti 0 01111 0.000 0.000 
AI 1 572 1217 1 211 
Cr 0001 0.000 0000 
Fe 01118 oooe 0007 
Mn o ooe 0001 0001 
Mg 1528 0000 0000 
c. 0 .000 0331 0.321 
~ 0004 01173 oese 
K om oooe 0 .010 
Sum 77a4 5.004 4WO 
XMg 01138 0000 0000 
~ . 
Al4 1213 0 301 0 2118 \!) 
Ale 0 359 0 878 0 8115 w 
APPE!'il>IX 3 
P-T CALCULATIONS AND TABLES 
This appendix provides sample calculations for tht: gt:othcrmom~tcrs and 
geobarometers utilized in this study. Table A3-l ~ontains P-T estimates cakulatl·d by 
these methods. 
Gamet- Biotite Geothennometer of Ferry and Spear (1978) 
Ferry and Spear's (1978) experimentally based garnet-biotite thermometer exploits 
the continuous Fe-Mg exchange reaction : 
a l m a n dine • ph logo p tl e ~ p y r o p r ... n n rut e . 
The energy balance for this reaction is expressed by: 
l2 -t5·l- ·L662T + .057 P +3RT In 1\ = 0 F r 1 . . ·II - I . 
where the equilibrium constant is defined by: 
f\ = .\!q F• • 
[
ac .vr la c.vr J 
-· a~/~ I a ~~0 _ 
This calibration is based on analyses of experimental charges and ideal mixing is 
assumed. Ferry and Spear (1978) noted that this should not introduce problems when 
used with phases of comparable compositions to those in the experimental work. The 
activities are therefore calculated by: 
G.\'T \ · Gf\."T 
a, -. ' 
and 
a B/0 _ \ ' 810 I ' I 
Using microprobe data and the mineral formula scheme of Appendix I for analyses of 
garnet and biotite, the temperature is calculated as follows: 
x~~1 - .1798 
.\'~~· 1 - . 7021 
\ · 810_ ' ' ·'8 . MfJ , ;:> t 
. _,.171J8/.702JJ-.2112. 
1\ .5 ·18/ .l52 
The temperature at 8 kbar is calculated by rearranging and substituting K into equation 
Eq. Al-l: 
[
- 12454- .057 .'\'8000 J 
rslbar(l\)• 3Rln.2112-4.662 
Grossular-Almandine-Anorthite-Quartz (GASP) Geobarometer of Newton and 
Haselton (1981) 
The geobarometer of Newton and Haselton (1981) is based on the continuous net 
transfer reaction: 
anor thite 4=t grossular + a luminosilicate +quart z . 
This calibration requires calculation of the activities of anorthite in plagioclase and 
grossular in garnet and the volume change for the reaction. Calibration of the activity 
of grossular in garnet utilizes the expression of Newton and Haselton (1981) where: 
(lGNT = YC N T yGNT 
Ca Ca · Ca 
and 
[1 . (\· G.YT 2 +\· C.YT\·GNT)J C.\ 'T _ . 1 C a .\lo • Fo • Fo · M o Y ea - exp 
RT 
and 
t.·~~r- (3300- 1.5T( /\)). 
Utilizing the mole fraction of Ca in garnet <Xc. = CalC a+ Mg +Fe+ Mn) for the sam!: 
garnet analysis utilized in the geothermometric calibration of Ferry and Spear ( 1978) 
above, and assuming a temperature of 873°K: 
c.vr =ex l(3300-1.5(873))(.179H 2 •JO?.(.I/9H)) I= l .t<.>q~>. 
Yca(BlJl · P 1.98lx8?3 
The activity is calculated by the general relationship: 
C .VT _ G/.;T \ ' G.VT a, - v, . , 
such that for this example: 
a~~r87J) .. ( 1 . 1772)( .0277)- .0332 
The activity coefficient for the mixing of anonhite in plagioclase is calculated following 
Newton et al. ( 1980) by the expression: 
Pt.c=ex [<t-x~~r; ) 2 (20S0•939?.(xrL/' )) J 
V .In · P RT · 
The mole fraction of anonhite in plagioclase is based on the At-avoidance model of 
Kerrick and Darken ( 1975) and calculated by: 
\ . PLC ( I ... \ ' PLG ) 2 • P~G _ • Co ' Ca 
.\ .1n - 4 
The activity of anonhite in plagioclase is therefore represented by: 
a PLG ,. y PLG \ ' PLG .1~ An • .1n • 
Combining expressions for the activity coefficient and mole fraction yields: 
a I'LC = · Co • Co ex) · Co • ,) • • r_ , yi'Lc( I ... '(I'Lc)2 [<I - ,. nc)7(?.0''0•939?.( yP rr. )) -~~ ·t I RF Fr I . :II - /' . 
For the plagioclase coexisting with garnet in this sample: 
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\ ' PIG I 9 h v PL:; r.a . r..; = . . w ere,\ ca = ~  
The activity can therefore be calculated by substituting X ~~c into Eq. A 1-2: 
UPLG_.I9((+.(9) 2 CX [(1-.19) 2 (2050+9392(.19))] - .2868 
·
1
" ·l p (1 .987)(873) 
Calculation of the volume change for the reaction requires the determination of the 
molar volume of grossular in garnet. This is determined by independent calculation of 
the partial molar voiume of grossular in both pyrope and almandine and subsequently 
determining the weighted average of these two values. The molar volume of grossular 
in pyrope and almandine is calculated by substituting the mole fraction of grossular 
(.0277) into the following equations of Haselton and Newton (1980): 
t · : :,',•t 2::, . 2 4 • 1.-l82(1-X ~= ' ) 2 -.480 I• - . :. - . - « ex p- - . ' " - . •122.08 [ 
( I , . • • , 91-4 ) (1 X'"')] [ (I '(GH T 914) ' ] 
. - .066' 2( .066 ) 2 
and 
[ 
( [-'(OHT_ 94)(1·\' "")] r (J-'• CHT . 9 '] L · ; :;.·l ?S2 ·•• . S I 2(1·X ~; ' ) 2 -.·H8 I• · ' " · · '" e x pl1 - ·' <• ·_4 ) • 123.56 
.083 ' 2(.083)• 
with the weighted average of the two partial molar volumes calculated by: 
( \ - CNT . r / CNT )+(X' C.IIT ,CNT) 
· G'i T J • Mg .\ ~ CaMg To x~· CaFo 
I cu (rm ) = ·GNT ·CNT 
.\ Mg + .. \ Fo 
.cNr 3 (.\'~~rxl23 .56))+(X~:rxl22 .08) I c u (rm )= · GN T · CNT = 122.38 
.\ Mg + .. \ F1 
where the mole fractions of almandine and pyrope are the same as those made in the 
Ferry and Spear ( i 978) geothermometer calculation above. The volume change for the 
reaction is calculated by: 
b I ' t•nr to on '"' l ' ptod - 1/ react 
"l ' (I ' r · G.IJT 21 ' ) 3'/ PLC 
" ,.en rhon • qtz + v' Ca + ta ll - • .411 
bl ' T I CJCIIO<J • ?.2 .688 + 12 2.38 + 2( •l9.90)- 3( I 00.79) • -57 .S02Cm J 
·l fi V reacllon = - S · 7S02J 
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With the volume change for the reaction and the activity of both grossular and 
plagioclase calculated, a pressure for the reaction at a given temperature (87Y) can be 
calculated from the equation: 
ht . . I/ . J 
where 
P~,1 -- 1180 + 23.8T(C) 
or 
P ~y = - 21 00 + 23.2 T (C) 
(original sillmanite calibration of Newton and Haselton (1981 ), as corrected by Ganguly 
and Saxena ( 1984)) and 
ot · ~.~~- -5.4582 
or 
ov~y- -6.6202 
for sillimanite and kyanite respectively. The values of the equilibrium constant (K) a:c 
calculated from the activities of grossular and anorthite by the relationship: 
K = ~ = .0326 = .00147 [
a GNT 3 J 3 
a~~c 3 .2868 3 
For a temperature of 873°K (600°C) the pressure is estimated by substituting the value 
forK into Eq. Al-3: 
p (bars)-(-ll80•23 .8(600))(-S .·l582)-(8.31 'H)(8/3)lni.OO i l/J 
8?3 -5.7502 
P 873 = 4273bars'"' 4.3kbar 
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Garnet-Clinopyroxene Geothennometer of Ellis and Green (1979) 
The geothermometer of Ellis and Green ( 1979) is based on the continuous Fe-Mg 
exchange reaction: 
v;rofJP • hP.cl<uzbergtle ~almandine • dio pstde 
The experimentally derived calibration of Ellis and Green (1979) is based on the 
equation: 
3 I O·L\'~,~T + 3030 + P(k.bar )X l 0 .86 
T(K)- . 
InK 0 + I . 9034 
where 
\ . CNT I \ ' GNT 
• · Fe · \!11 
f... D = \ ' L' PX/ \ · CPX' 
· Fe • \fq 
Mole fractions for garnet and clinopyroxene are calculated by: 
yCNT = Fe> 
· f• Fr• .\tg+Ca+A.tn 
and 
.en Fe 
.\f. =---Fe+ .\lg 
respectively such that: 
\ . G.VT _ ,- 28 \ ' CNT 18 1 \ ' CNT 226 \' CPX 352 d \ · CPX 6 17 ~ I 
· fo - .;:> , • Mg = · -r, · Ca = • , .'\Fe = · an ' Mg = · ' t !Of samp C 
JNC-86-403. The K is calculated by: 
I\= [ .~:)28 + 18-l J 
. 3~2 + 6·l7 
For a pressure of 6 K~ar, the correspo11ding temperature for this K is calculated by: 
·r cr·) 3JO-l(.266)•3030•6(f...bar)\· J0.86 , 
. n - a I Oq9. r J... 6
Har ln5.27·l + 1.903-l 
T 6/:bar a 826, -l ° C, 
Garnet-Anorthite-Diopside-Quartz (GADS) Geobarometer of Newton and Pt.•rkins 
(1982) 
The calibration of Newton and Perkins (1982) is based on the continuous net 
transfer reaction: 
pl0 gtoc lase+ c lino p:; roxene ~ r]ar nel • quar l ::. 
This calibration requires calculation of the activity coefficients and activities of 
grossular in garnet, diopside in clinopyroxene and anonhite in plagioclase in order to 
calculate the equilibrium constant K. The activity coefficient of grossular in ternary 
garnet is based on Ganguly and Kennedy's ( 1974) mixing model described by: 
, • CNT2 ' Ci'.:T ·G .\iT -1 
YGNT = expl ( lv Ca .\lg) ( .\ Ma + .\ .\fg .\Fe ) 
Ca RT -
and 
YGNT = exp "' Ca.'.fq ' Ca ' Ca ' Fe [(l , )( \ ' CNT2+ \· CST \ ·CST) j 
Mg RT . 
where 
Substituting mole fractions of grossular and pyrope in garnet (from sample 
JNC-86-403, the same sample utilized in the Ellis and Green (1975) gcothermomctcr 
calculation above) ir.~o the appropriate equations yields: 
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r; N, = ex > f ( 3 3 0 0 - I . S ( 87 3 ) )( . I 9(/ ... ( . I 9 6 ) ( . 56 3 ) ) ··1 = I. 1 86 y,_,, ' l (1 .9872)(873) .~ 
and 
r; NT = c ) I .. ( 3 30 0 - I . 5 ( 87 3 ) )( . 2 ·W 2 + ( . 2 4 0 )( . 5 63) ) J = I. 2 4 7 . 
Yu'l XJ (I .98/2)(873) 
The activities are calculated by: 
u ;~ ;~ r = y~~T .\' ~~T = ( I. 186 )( .240) = .284 
and 
The activity of diopside in clinopyroxene follows the scheme described in Appendix 2 
for this calibration. The resulting expression for diopside activity is: 
C I'X = \ .CfX - XstiR \ ' CPX->"stta = ( 657)( 813) = 53.1 
(l D w · Ca • Mq · • • t · 
For the calculation of the activity coefficient of anorthite in plagioclase, the expression 
of Newton et al. (1980) is used: 
where 
l . f'f.G 2()2 ' . { ' .1,. = . .'Jca 
P I C 1. ·.1 b ~67 ·16 cal 
such that 
VP LC = cx p .Va Ca 
[ 
.\' PLC 
2 ( 2 0 2 5 + 2 ( .\' I' LC) ( 6 7 4 6 - 2 0 2 5 ) ) J 
. 1 , RT Eq .A /- 4 . 
Plagioclase coexisting with garnet in Sample JNC-86-403 has the composition: 
\ . ~~; = .83·1 and X ~~c = . 166. 
Substituting these mole fractions into Eq. A 1-4 yields an activity coefficient: 
y nc = exp[ .834 2 (2050 • 2( .166 )(67 ·l6- 7.0:.50)) I= I . ?~)~) 
An-873 · (l.9B/)( 8 lJ) 
The activity is calculated by: 
[ 
\ . PLC ( I \ ' PI.G) 2 J PLG _ PLG • Ca - • Ca 
n.An-873- YAn 
·I 
The pressure is calculated by substituting the component activities into the calibration of 
Newton and Perkins (1982): 
P(bars)=675+ 17.179T+3.5962Tln.4: 0 
where 
K .. (aca aM9 • (.284 )(.2-l-IJ =.!(>~2 [ C.VT 2 CNT) J [ 2 • J 0 (a~~ca~:'/) (.240)(.53·1) 
For a temperature of 873 °K (600°C) the pressure estimate is calculated: 
P 873 (bars)=675+ 17.179(873)+3.5962(873)1n.l6~.5?.= IOOICJtJur ~; 
? 373 = IO.OA:bar 
RESULTS 
Table A3-l contains the P-T estimates of all samples utilized in this study; all 
results are presented in graphical form in Chapter 5. 
)f) ) 
Table A3-1: P-T estimates. 























































































































































































































































INT: 802-828-835 GNT-810 
CORE. C01..C24..C37 GNT..CPX 
RIM C03-C24..C38 GNT ..CPX 
























































CORE: 801-823 CORE· 801-823-838 GNT..CPX GADS 
RIM: 802-828 CORE: 801-823-838 GNT-CPX GADS 
CORE: D01-D24 CORE: C01-D24-D311 GNT-CPX GADS 


















































































































































































































CORE A01-A2 .. -AJ7 
INT A01-A24-AJ7 
CORE A01-A24-A37 






























































INT 802-823-835 GNT-CPX 
CORE 001-024- 035 GNT-CPX 
RIM: 002-023-C36 GNT-CPX 


























GNT -810 GASP 
GNT -810 GASP 
GNT-810 GASP 
RIM: C03-C44 INT. C03-C32 GNT -810 GASP 




CORE 80 1-841 
RIM· 802-842 


















CORE A03-A24- A33 
GNT -810 GASP 
























Table A3-1: P-T estimates. 













































































































































































































































AIM: C02-C43 CORE 001-031 
CORE: 001-D42 CORE: 001- 031 
AIM: 003-043 CORE: 001-031 




















CORE: 801- 831 







































































































































































































































































































































GNT -810 G.r.SP 
uNT -810 GASP 
GNT -810 G.r.SP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT-810 GASP 
GNT -810 GASP 
GNT -610 GASP 
GNT -610 GASP 
GNT -810 GASP 
GNT - 810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT-610 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT - 810 GASP 
GNT -810 GASP 
GNT -810 GASP 
GNT -610 GASP 
GNT - 810 GASP 
GNT -610 GASP 
GNT- 810 GASP 
GNT -810 GASP 
GNT-610 GASP 
GNT -810 GASP 
GNT - 810 GASP 
GNT-610 GASP 
GNT -810 GASP 
GNT- 8 10 GASP 




GNT -810 GASP 
JO i 
Table A3-1: P-T estimates. 
S.mple N p T TCode PCode THERI,t 8AROU 
80138 114 742 CORE 801-841 CORE: 801-831 GNT-810 GASP 
80138 82 754 RIM: 803-842 RIU: 803-832 GNT-810 GASP 
80111 10 4 1118 CO"'E: A*-A41 CORE: 801-A35 GNT-810 GASP 
80111 10.5 813 RIM: A07-A43 RIM: 802-838 GNT-810 GASP 
80111 liS 8811 CORE: C01-C44 CORE: C01-835 GNT-810 GASP 
80111 113 843 RIU: C05-c43 RIM: C05-c37 GNT-810 GASP 
8023 17 7 11311 CORE: A01-A44 CORE: A01-A31 GNT-810 GASP 
8023 12 3 783 RIM : A02-A43 RIM: A02-A32 GNT-810 GASP 
8032 14.5 1172 RIM: A01-A24 RIM: A0l-A24- A33 GNT-CPX GADS 
8032 118 1132 CORE. 801-823 CORE: 801-823-834 GNT-CPX GADS 
8032 113 874 INT: 802-823 CORE: 801-823-834 GNT-CPX GADS 
8032 12 5 1175 CORE: C01-C21 CORE: C01-C21-C33 GNT-CPX GADS 
8032 10 2 880 RIU C05-c22 RIU C05-c22-C32 GNT-CPX GADS 
8032 1111 114)' CORE E01-E24 CORE. E02-E24-E38 GNT-CPX GADS 
8032 11.4 1111 CORE· E02- E24 CORE E02-E24-E38 GNT-CPX GADS 
8032 1111 748 RIM: E03-E25 CORE. E03-E25-E37 GNT-CPX GADS 
8032 11 II etl3 CORE F02-F25 CORE: F02- F25-F311 GNT-CPX GADS 
8032 11.4 841 RIU F03- E28 CORE: F03-F28-F38 GNT-CPX GADS 
8033 118 IIIII CORE. A01-A44 CORE. A01-A38 GNT- 810 GASP 
8033 4.11 812 RIU: A02- A43 RIM: A02-A35 GNT-810 GASP 
8033 14 0 818 CORE: COII-C42 CORE: COII-C35 GNT-810 GASP 
8033 118 743 RIM: C03-C44 INT C01-C35 GNT-810 GASP 
8033 511 882 CORE: E01-E48 CORE. E01 -E31 GNT-810 GASP 
8033 72 705 RIU E05-E48 RIU: E05-E33 GNT-810 GASP 
APPENDIX 4 
P-T C.\LCULA TION ERROR ASSESSMENT 
Each geothermometric and geoharometric calibration has an inherent uncc:rtainty 
in its ability to determine the correct PorT. This uncertainty is, in part, a function of 
the type of calibration. Uncertainties in estimates based on experimentally-based 
calibrations (ie. geothermometers used in this study) must account for errors in the: 
analysis of the experimental phases, uncertainties in the calibration of P-T conditions 
during a run and deviations from the assumption of ideal mixing. 
Thermodynamically-based calibrations (ie. geobarometers used in this study) have 
errors on the thermodynamic variables (enthalpy, entropy and heat capacity) and 
volume change as a function of P-T as well as inaccuracies in the mixing models. The 
geothermometers of Ferry and Spear (1978) and Ellis and Green (1979) reported errors 
of ±50°. Newton and Haselton (1981) and Newton and Perkins ( 1982) suggested 
uncertainties of ± .8 and ± 1.6 kbar for their respective geobarometers. 
Another potential source of errors in P-T estimates lies in the uncertainties 
inherent in the electron microprobe data which are used to calculate P and T. These 
uncertainties control the reproducibility, or precision, of PorT estimates. In the 
following section, probe data errors are propagated through the various 
geothermometric and geobarometric calibrations to determine the precision of the P-T 
results. 
Uncertainties in Electron Microprobe Analyses 
A natural standard of garnet (H-GNT) was repealedly measured over the period in 
which analytical work was performed in a:1 attempt to determine the analytical precision 
(Table A4-l). One sigma relative errors of 3.9% and 2.5% for Mg and Fe respectively 
have been determined from 28 H-GNT analyses. The Mg/Fe ratio of this data set yields 
a one sigma relative error of 5.6%. The larger relative error for the Fe/Mg ratio than 
for the individual Fe and Mg analyses may indicate a negative correlation between the 
Mg and Fe analyses, which would be consistent with Fe-Mg zonation within the 
H-GNT standard. If zonation is present within the standard, the estimated errors are 
probably higher than the actual errors. 
Propaeation or Errors Throup Geothennometers and Geobarometers 
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The 1L errors estimated above were propagated through the geothermometers by 
tw\. methods: 
1. Modification of the analyzed Fe and Mg values in proportion to the relative errors 
in opposite directions (eg. increasing the Fe value while decreasing the Mg value by 
their respective 1 sigma errors) for each phase so that the K value is modified to the 
maximum extent allowed by the individual errors. 
2. Calculation of the one sigma variance of the K value by: 
Errors for geobarometers have only been calculated by the first method. 
Method 1 
A data set has been fabricated based on analyses of samples 1073 and 403 (Table 
A4.2). The original analyses are coded AOR (site A, original) with the adjacent 
modified "analyses" coded APM (site A, plus/minus error). The shifts in the Fe and 
Mg are based on the one sigma relative error calculated for H-GNT; Ca was shifted 
3.9%, the greater of the two errors. 
This method yields an uncertainty of ±59° for Ferry and Spear's (1978) 
garnet-biotite calibration (Table A4.2). The GASP geobarometer (Newton and 
Haselton, 1981), which h used in conjunction with the garnet-biotite geothermometer, 
)'ields an error of ±.4 kbar. The geothermometer of Ellis and Green (1979) yields an 
uncertainty of ±45° while the GADS geobarometer of Newton and Perkins (1982) 
gives an error of ±.5 kbar (Table A4.1). 
Method 2 
Jll) 
'While the above method provides the ma,imum errors on P-T estimates fnr the 
precision for the electron microprobe data, errors on geothermometers were also 
calculated by assessing the variabilility in the P-T estimates as a function of the changes 
in the Kd value where analytical error is assumed random . An error of 7.9% for the K 
value calculated by Eq. A4.1, where the one sigma relative Mg/Fe error is 5.6%. 
Changing the K by 7.9% results in a change of approximately ±40° for the 
garnet-biotite calibration of Ferry and Spear (1978) and ±33° for the 
garnet-clinopyroxene calibration of Ellis and Green (1989) (Table A4-4). 
The first method results in the maximum deviation from the calculated 
temperature/pressure estimate for the stated errors. This is presented as a worst case 
scenario and is considered to produce unrealistically large errors since unless there was 
a real and consistent negative correlation between elements, in particular Mg and Fe. 
The second case is more realistic since it calculates errors in temperature assuming that 
errors on the analyses for each element are uncorrelated. 
Attempts to constrain tectonic evolution through the use of geothcrmometers and 
geobarometers more often depends upon P-T differences rather than absolute P-T 
estimates (eg. P-T-t paths, establishing relative P-T differences between terranes or 
thrust blocks, etc.). There are two different approaches to estimate contrasting P-T 
conditions: 1. comparison of P-T results of a single geothermometer or geobarometer: 
or 2. comparison of P-T results of different geothermometers or geobarometers. 
Contrasting estimates of a single calibration only requires consideration of precision; all 
the results may be too high or low but, if all other variables are comparable, the 
relative differences will be preserved in spite of inaccurate estimates. The second 
method depends on ~he absolute estimates being correct so the estimation of P-T 
uncertainties must therefore take into account the uncertainties in both accuracy and 
precision. 
Within individual terranes, where P-T estimates are predominantly determined by 
a single calibration, temperature and pressure differences greater than approximately 
40° and .5 kbar are considered geologically significant and not the result of analytical 
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uncertainty. There is no definitive method for establishing the uncertainties in the P-T 
estimates for comparison between the Molson Lake and Lac Joseph Terranes where 
different geothermometric/geobarometric methods are utilized. The addition of the 
accuracy and precision uncertainties offers a maximum uncertainty of ±90° for the two 
geothermometers and ± 1 and ±2 kbar for the GASP and GADS geobarometers 
respectively. These maximum errors require that temperature and pressure differences 
must be in the order of 180° and 3 kbar respectively before the differences are outside 
the range of uncertainty. The upper estimation of the uncertainty by addition of 
indeterminate (accuracy) and determinate (precision) errc.rs, where the result (K) is a 
quotient of two variables, will certainly overestimate errors. Tl1e lower limit for the 
uncertainties is calculated as the square root of the sum of the square of the errors, the 
method for calculating determinant errors of a result which is a quotient of the 
variables. This method yields uncertainties of ± 70° for the geothermometers and ±. 7 
and ± 1. 7 kbar for GASP and GADS geobarometers respectively. 
Fe+-z and Fe•J Assumptions 
The geothermometers employed in this study are based on the temperature 
dependent exchange of Fe•2 and Mg•2 between two phases. The electon microprobe is 
unable to differentiate between Fe+2 and Fe•3; lacking independent evidence concerning 
the oxidation state of Fe, Fe•2 is assumed to equal Fe totAL, an assumption which may 
result in an over-estimation of Fe+2. 
Fe•3 may replace AI in theY site of garnet to form andradite (see Appendix 2) . 
However, since Al•3 typically fills or nearly fills the B site, Fe+l substitution in garnet 
must be minimal. Similarly, Fe+l replaces Al+l in the Y site of clinopyroxene, coupled 
with Na in the X site to form acmite. By filling the structural sites as described in 
Appendix 2, the acmite component is not significant. Calculations where fe+l is 
calculated by site distribution and charge balance show no appreciable differences for 
the garnet-clinopyroxene geothermometer (Table A4.4). 
Unlike garnet and clinopyroxene, which have a relatively simple structures and 
limited substitutions, Fe+J in biotite is not easily assessed. Attempts to calculate Fc •' by 
charge balance commonly results in an over-estimation due to real vacancies in the 
octahedral sites. In the absence of chemical analyses capable of distinguishing Fe • 1 and 
Fe•2, there is no satisfactory method to estimate Fe•.l in biotite on petrographic or 
mineralogical grounds. While allowing that Fe•1 in biotite would affect the temperature 
estimate, the relative differe-nces between samples would be preserved if the oxygen 
fugacity were approximately similar throughout the Lac Joseph Terrane; the presence 
and relative constant modal percent of magnetite throughout the aluminosilicatc-bcaring 
petites argues in favour of this condition. 
Table A4-1 : Analyses of electron microprobe standard SSHGNT. 

































































































































































































































































































































































































AOR ., original; APM = modified analyses (Fe, Mg and/or Ca incrnased or decreased in 






















































































































































































































































































--=-Su-=-m~- 8 o 14 _ _! _o 1_1 __ !_!_65 7 776 5 029 5 033 7 1172 7 974 4 023 







































Table A4-3: Results of error calculations (ERR=error: ABS=absolute). 
PRESSURE TEMPERATURE [RGNT~OO ORIGINAl WITH ERR ABSERA I I 2 750.113 711 15 +I- 3948 
.. 7511111 72008 +1- 3983 
8 7111120 72801 +I- 40 Ill 
8 na.48 73783 +1- 40.55 
10 7&7.n 748 88 +1- 40.111 
I 
FOR GNT-CPX 2 787 42 820 33 +1- 32 92 1 
4 7113.48 821154 +1- 3301! 
II 7ell 54 832 74 +1- 33 20 
8 805 eo 838~ +1- 3334 
10 811 .1!8 84515 •I- 3349 
Table A4-4: Comparison of P-T results for garnet-clinopyroxene 
geothermometery where FeTOT is assumed equal to Fe+2 
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location of field maps in back pocket; legends for maps are also in pocket. 
LEGE~D (all maps) 
GJ<ENVILLIAN OJ< YOUNGER (not shown on maps due to scale) 
10. Diabase dykes; late, pristine dykes containing plagioclase- clinopyroxene 
9 . Granitoid pegmatite dykes 
POST-LABRADORIAN TO PRE-GRENVILLIAN 
g, Equigranular granitoid suite; small granitoid bodies intruding supracrustal rocks of the Lac 
Joseph Terrane: massive to strongly foliated, inclusions of mafic paragneiss 
7. Fleur-de-May granitoid plutonic suite: marginal phase to the Atikonak Anorthosite 
Massive: equigranular to K-feldspar megacrystic 
6. Shabogamo Intrusive Suite: gabbroic to gabbronoritic intrusive rocks apparently exclusive 
to the Molson Lake Terrane: characteristically coronitic with garnet and/or amphibole 







Molson Lake Terrane equigranular granitoid suite: partially recrystallized. typically 
strongly fol iated and lineated with accessory minerals dependent on local metamorphic 
grade 
Basic intrusive suite including the Ossokmanuan Intrusive Suite: recrystallized and 
unre~rystal!izPd ma~sivP rn foli:ltPti ~asio:· intm~ivP rnclcco; Joe~ I pre~rvation of primary 
cumulate and ophitic textures 
Rapakivi K-feldspar megacrystic granite suite: massive to foliated, contains accessory 
orthopyroxene. amphibole, biotite and magnetite 
Equigranular granite: foliated , medium-grained granite containing biotite, garnet and 
sillimanite: indistinct contacts with host supracrustal rocks 
I. Supracrustal rocks of the Lac Joseph Terrane: pelitic composition dominates with 
intcrlaycrcd semipelites, psammites and mafic gneisses: Ia- pelitic paragneiss: la-m-
pelitic paragneiss identical to Ia except muscovite has replaced sillimante in restite; lb-
scmipclitic paragneiss locally interlayered with Ia; lc - psammitic paragneiss; ld - mafic 
gneiss: agmatic to strongly foliated gneiss; le - light coloured, medium grained, massive 
crystalline marble: 
Geology of Maps A and B by J. N. Connelly and P. Scowen. 1986. 
Geology of Maps C. D. E and F by J.N. Connelly and K. Manser 
Geological cartography of Maps A and B by Cartography Department, Newfoundland Dept. of 
Mines. 
Field work upon which these maps are based was financed under the Canada/Newfoundland 
Mineral Dcvelopmc!1t Agreement ( 1984-1989). 
SYMBOLS FOR MAPS A AND B 
S1 gneissic layering (inclined. vertical. horizontal) 
S2 foliation (inclined. vertical. horizontal) 
F2 fold axial plane (inclined. vertical, horizontal) 
S1 foliation/F2 fold axial plane (inclined. vertical. horizontal) 
L 1 lineation; mineral and extension lineations 
L2 lineation 
F2 minor fold axes 
F2 fold axis/L 1 lineation 
Ductile mylonite zones 
Late brittle faults 
SYMBOLS FOR MAPS C, D, E AND F 
S1 gneissic layering 
Mylonitic planar fabrics 
F2 fold axial plane 
S1 gneissocity/F2 axial planes 
F3 fold axial planes 
L 1 lineation 
Mylonitic lineation 
F2 fold axis 
F2 fold axis/L 1 lineation 
F3 fold axis 
SYMBOLS COMMON TO ALL MAPS 
/ Thrust faults 
/~' Geological contacts 
Map Scale: 1:100,000 
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